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ABSTRACT  
Described herein is a series of investigations designed to expand the scientific 
knowledge and increase the applicability of manganese-based chemiluminescence 
reagents. In order to harness the full potential of chemiluminescence detection, 
improved understanding of reagent behaviour is essential to optimise sensitivity and 
selectivity for the determination of specific compounds of interest. Hence, several 
model analytes were utilised to assess new methods of preparation, enhancement and 
application of manganese-based reagents. 
The selectivity of several chemiluminescence reagents (including acidic potassium 
permanganate and colloidal manganese(IV)) was assessed using 26 amino acids and 
related biomolecules to determine basic relationships between analyte structure and 
signal intensity. Whilst acidic potassium permanganate is generally known to elicit 
intense responses with compounds containing indole, phenol or thiol moieties, 
altering the initial reaction conditions can allow for the more selective determination 
of specific functionalities. Conversely, the colloidal manganese(IV) reagent is more 
broadly applicable, affording signals with all analytes tested. This difference in 
selectivity between the manganese-based reagents was further demonstrated by their 
application to reduced and oxidised forms of α-lipoic acid and a series of 
N-phenylamide derivatives, with colloidal manganese(IV) allowing the direct 
detection of both thiol and disulfide containing compounds. 
Spectroscopic interrogation of transient intermediates in reactions with acidic 
potassium permanganate revealed that the reagent pH is crucial to stabilising the key 
manganese(III) precursor to the emitter, whilst preventing the formation of insoluble 
manganese(IV) oxides. Spectra obtained under highly acidic conditions (> 1 M 
sulfuric acid) were comparable to those obtained with a reagent containing a sodium 
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polyphosphate enhancer and a significantly lower acid concentration. Examination of 
the chemiluminescence reactions of dihydroxybenzenes with acidic potassium 
permanganate in the presence of enhancers (formic acid and formaldehyde) also 
indicated that the formation of manganese(III) played a key role in increasing signal 
intensities. However, as the reaction kinetics were not significantly altered in the 
presence of the enhancers, it seems that this intermediate is not solely responsible for 
the increased responses. 
Chemiluminescence was observed from reactions with a manganese(IV) colloid 
generated by the reduction of acidic potassium permanganate with sodium 
thiosulfate. An in situ (on-line) method of preparation utilising flow injection 
analysis methodology was developed to overcome the limited stability of the colloid 
under acidic conditions and the poor reproducibility of the chemiluminescence signal 
when the reagent was prepared via published methods. This approach provided 
superior emission intensities to the conventional manganese(IV) reagent, although 
less enhancement was obtained from the addition of formaldehyde. The selectivity of 
the reagent was ‘tuned’ towards specific classes of analyte through convenient 
modification of reaction conditions.  
Acidic potassium permanganate chemiluminescence enables direct post-column 
detection of glutathione, but its application to assess the redox state of a wide range 
of biological fluids and tissues is limited by its sensitivity. The simple on-line 
addition of an aqueous formaldehyde solution not only enhanced the sensitivity of 
the procedure by two orders of magnitude, but also provided a remarkable 
improvement in the selectivity of the reagent towards thiols (compared to phenols 
and amino acids that do not possess a thiol group). This enhanced mode of detection 
was applied to the determination of glutathione and its corresponding dimer in 
homogenised striatum samples taken from both wild type mice and the R6/1 
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transgenic mouse model of Huntington's disease. No significant difference was 
observed between the GSH/GSSG ratios of wild type mice and R6/1 mice, 
suggesting that the early disease progression had not significantly altered the 
intracellular redox environment. 
Previous applications of manganese-based reagents have incorporated 
formaldehyde to enhance emission intensities to analytically useful levels. However, 
this known human carcinogen (by inhalation) is not ideal for routine application. A 
wide range of alternative enhancers have been examined but to date, none have been 
found to provide the dramatic increase in chemiluminescence intensities obtained 
using formaldehyde. Examination of several simple alcohols revealed ethanol to be a 
simple, safe and inexpensive alternative to the use of formaldehyde for 
manganese(IV) chemiluminescence detection, without compromising signal intensity 
or detection sensitivity. This innocuous alternative was shown to be a particularly 
effective enhancer for the direct detection of thiols and disulfides, which was 
subsequently applied to a simple high performance liquid chromatography procedure 
to determine a series of biomarkers of oxidative stress. 
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1. Chemiluminescence 
1.1 General Principles 
Chemiluminescence is the emission of light from a chemical reaction, occurring 
when one product is formed in an electronically excited state [1-3]. Direct 
chemiluminescence occurs when this excited species emits a photon as it relaxes 
back to ground state (figure 1.1) [1-3].  
A + B              C* + products 
C*            C + hν 
Figure 1.1: Direct chemiluminescence. 
Such reactions display analytical utility, as over a finite range, the intensity of light 
emitted is proportional to the concentrations of chemical species involved [1, 3, 4]. 
Due to the relatively small number of reactions capable of producing light, 
chemiluminescence is an intrinsically selective mode of detection [1, 3, 4]. 
Additionally, the lack of an external excitation source ensures the technique is 
virtually free of background emissions, affording great sensitivity [1-3, 5-7]. 
As the electronically excited state is produced via a chemical reaction, the intensity 
of light emitted is therefore dependent on the reaction kinetics, as well as the number 
of excited state species produced and their emission efficiency [1-4]. Consequently, 
chemiluminescence reactions are highly sensitive to initial conditions; as changes in 
pH, reagent concentration, flow-rate, solution mixing and the use of enhancers can 
significantly alter the amount of light produced, and even affect the system's 
selectivity [2, 3, 5-9]. The design of the instrumental manifold is also crucial to 
maximise the collection of emitted light by the detector [3, 5-10]. To obtain highly 
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sensitive detection of specific analytes, it is therefore important to optimise the 
aforementioned parameters. In order to fully harness the potential of such reactions 
however, it is also imperative that the underlying molecular processes of the reaction 
are understood, including; (i) identification of key intermediate species, (ii) 
relationships between analyte structure and emission intensity and (iii) mechanisms 
of commonly used enhancers.
1.2 Manganese-Based Chemiluminescence Reagents 
Manganese is a transition metal element that was first discovered by Carl Sheele in 
1774 [11]. Compounds containing manganese can exist in a large number of formal 
oxidation states (eleven in total), which results in a rather complex chemistry [12]. 
The most commonly encountered of these states are +7, +4 and +2 which is the most 
stable valence state under normal conditions [12, 13]. Consequently, many 
manganese compounds are powerful oxidising agents, which have been used 
prolifically not only in organic synthesis, but also in analytical chemistry [14-17]. In 
addition, many reactions with manganese-based oxidants are capable of evoking the 
emission of light - which has been exploited for the sensitive detection of a variety of 
compounds [18-20]. The two most widely known manganese-based 
chemiluminescence reagents are acidic potassium permanganate (manganese(VII)) 
and colloidal manganese(IV).  
2. Acidic Potassium Permanganate 
The first documented use of acidic potassium permanganate as a 
chemiluminescence reagent occurred in 1917, when light was observed during the 
oxidation of pyrogallol [21]. Since then, the reagent has become one of the most 
widely used for chemiluminescence detection in flow analysis, high performance 
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liquid chromatography and related analytical techniques. Indeed, several hundred 
applications have been reported, as detailed in reviews by B.J. Hindson and Barnett 
[22] and Adcock et al. [18, 19]. 
Despite extensive study, the light producing pathway of acidic potassium 
permanganate has only recently been elucidated [23]. Although many researchers 
previously attributed the characteristic red emission to singlet oxygen [18, 24], direct 
spectroscopic evidence confirmed that the emission actually emanates from an 
excited manganese(II) species [25-27]. The reaction between an analyte and 
permanganate produces intermediate radical and manganese species, which 
subsequently react to generate the excited manganese (II) emitter [23]. This excited 
species then returns to ground state, via a 4T1 → 6A1 transition, emitting a photon in 
the process [23, 25] (figure 1.2). 
 
Figure 1.2: Generalised light-producing pathway of acidic 
potassium permanganate chemiluminescence. 
Mn(VII) Analyte
Mn(III) AnalyteRadical
Other 
productsMn(II)*
Red. Ox.
Mn(II)
Red. Ox.
hν
λmax ~ 734 nm
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As a detection method, permanganate chemiluminescence is known to be selective 
towards specific analyte classes, including phenolic compounds [18, 19], and the 
abundant number of publications regarding its use have allowed some general trends 
concerning the relationship between analyte structure and emission intensity to 
emerge [18, 19]. For example, polyphenolic compounds usually elicit more intense 
signals than simple phenols [18, 19]. However, it is often difficult to confirm 
structure-function relationships, as the sensitivity of the chemiluminescence reaction 
to alterations in initial chemical and instrumental conditions can lead to conflicting 
evidence being presented by different research groups. 
2.1 Enhancement of Permanganate Chemiluminescence 
Since it was first used analytically in 1975 [28], researchers have explored many 
ways to enhance chemiluminescence reactions with acidic potassium permanganate. 
To-date, most of these studies have focused on the use of two different types of 
enhancers: (i) sodium polyphosphates and (ii) low-molecular weight aldehydes [18, 
19]. 
In many previous studies of acidic potassium permanganate, sodium 
polyphosphate has often been included in reagent solutions to afford enhancement of 
the chemiluminescence response. Most commonly it is utilised in concentrations 
between 0.05-1% (m/v) coupled with a subsequent adjustment of pH using sulfuric 
or orthophosphoric acid (the optimum pH range is between 2 and 4) [18, 19]. In the 
absence of polyphosphates, the concentration of acid required in the reagent solution 
is typically much higher to achieve a similar level of enhancement [18]. It was 
recently shown by C.M. Hindson et al. that the mechanism of this enhancement 
involves three processes; (i) preventing flocculation of insoluble manganese(IV) 
oxides, (ii) stabilising the manganese(III) precursor to the emitter and (iii) the 
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formation of protective ‘cage-like’ structures around the emitting species, reducing 
deactivation via non-radiative pathways [23]. This also results in a shift in the 
wavelength of maximum emission from 734 ± 5 to 689 ± 5 nm [23]. 
The use of low-molecular weight aldehydes, including formaldehyde and formic 
acid, has also been shown to provide significant enhancement of the 
chemiluminescence signal with many analytes [18, 19]. However, this increase in 
signal is also usually accompanied by a deleterious increase in background emission 
[18, 19]. Additionally, the mechanism through which the enhancement occurs is yet 
to be elucidated. Nonetheless, these compounds have been used in many previous 
studies to enhance signals by up to 2-orders of magnitude [18, 19, 29]. 
More recently, researchers at Deakin University have shown that a preliminary 
partial reduction of permanganate, resulting in the concomitant presence of 
manganese(VII) and manganese(III), can lead to large increases in emission 
intensities with certain analytes [30, 31]. The addition of reducing agents directly to a 
permanganate solution typically causes the precipitation of manganese dioxide [32-
36]. However, as stated above, this can be prevented by the addition of sodium 
polyphosphates which stabilise the manganese(III) intermediate. Initial studies 
described the addition of a manganese(II) salt to permanganate solutions, which 
resulted in the slow formation of manganese(III), requiring a period of ~24 hours to 
reach equilibrium [30]. Subsequent experiments revealed that sodium thiosulfate — a 
stronger reducing agent — could be used to rapidly form the key manganese(III) 
co-reactant, without the long equilibration time [31].  
Stopped-flow experiments in these studies revealed that the signal enhancement 
results from an increase in reaction rate [30, 31]. This is due to an autocatalytic 
process whereby the increased presence of manganese(III) allows for the rapid 
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generation of the manganese(II)* emitter [30]. The faster reaction time can allow a 
greater proportion of light to be emitted directly in front of the detector. 
Consequently, analytes which react slowly with conventional permanganate, such as 
simple phenols exhibit the greatest increases in signal intensity, with up to 160-fold 
enhancement reported [31]. 
3. Colloidal Manganese(IV) 
Manganese in the 4+ valence state is most commonly encountered as insoluble 
manganese dioxide [13]. The compound has found extensive use as an oxidant in 
analytical chemistry (as detailed in a review by Pastor and Pastor [17]) however, its 
use in solution phase chemistry has been limited by its poor solubility. 
To remedy this, various methods have been developed to create stable colloidal 
suspensions of manganese(IV). One such method was developed by Jáky et al. [37] 
in 1984, and involved the slow dissolution of freshly precipitated manganese dioxide 
(formed by the reduction of potassium permanganate with excess sodium formate) in 
strong orthophosphoric acid to yield a transparent brown colloid. It was originally 
postulated that manganese(IV) had been completely solubilised rather than forming a 
suspension [34], however subsequent experiments showed the preparation was 
indeed colloidal, with particles averaging ~20 nm in diameter [38, 39]. 
In 2001, this suspension was applied as a chemiluminescence reagent by 
B.J. Hindson et al., thus presenting the first example of solution phase 
chemiluminescence from manganese(IV) [40, 41]. These preliminary studies 
demonstrated that the light emission of this manganese-based reagent had a maxima 
centred at 734 ± 5 nm, and could also be ascribed to an excited state manganese(II) 
emitting species [38, 40]. Despite this commonality, the selectivity of manganese(IV) 
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and acidic potassium permanganate was found to be markedly different. Although 
studies involving manganese(IV) chemiluminescence are few, it is clear that the 
reagent is able to generate light with a far broader range of analytes than acidic 
potassium permanganate [20]. Since these initial investigations, the reagent has been 
used for the determination of several classes of compounds — including polyphenols 
[42, 43], fluoroquinolones [44] and biologically significant thiols and disulfides [45].  
Whilst the Jáky et al. method involves creating a precipitate of manganese dioxide 
which is then suspended in acid by a lengthy process of sonication and heating [37, 
39], many alternative studies were able to prepare the colloid directly, via the 
addition of a reducing agent to the permanganate precursor [33, 46-52]. The most 
commonly utilised of these methods employs sodium thiosulfate as the reductant, 
and was developed in 1989 by Perez-Benito et al. [52]. Whilst numerous papers have 
detailed the use of this simple preparation as an oxidising agent [53-62], only a few 
recent publications have conducted preliminary investigations into its 
chemiluminescence properties, which include its application to the determination of 
ascorbic acid, perphenazine and chlorpromazine using FIA methodology [63, 64]. 
3.1 Enhancement of Manganese(IV) Chemiluminescence 
In 2001, B.J. Hindson et al. found that the addition of formaldehyde could improve 
emission intensities by up to two orders of magnitude [40, 41]. As the reagent 
typically exhibits lower sensitivity than acidic potassium permanganate, almost all 
studies published involving manganese(IV) chemiluminescence have incorporated a 
formaldehyde enhancer — with concentrations in the range of 0.2 - 3.0 M being 
reported [20]. However, as with acidic potassium permanganate chemiluminescence, 
the use of such enhancers results in large background signals, as formaldehyde 
slowly reacts with the reagent [38, 40]. Additionally, formaldehyde has been 
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classified as a carcinogen, making its use undesirable [65]. Despite this, to-date no 
suitable replacement has been found; as other enhancers tested, including similar 
low-molecular weight aldehydes, have generally provided inferior enhancement [20]. 
Only a few publications have found alternative compounds to be more effective at 
increasing chemiluminescence from manganese(IV) with specific analytes [29, 43, 
44]. As the mechanism of formaldehyde enhancement is currently unknown, it is 
particularly difficult to determine which compounds might provide comparable 
emission intensities. Furthermore, in order to maintain the temporal stability of the 
colloid, enhancement strategies are usually limited to introducing enhancers as close 
as possible to the initiation point of the reaction (rather than including them the 
reagent solution) as any disruption or coagulation of the particles could be 
detrimental to the chemiluminescence emission as well as to flow-chemistry 
instrumentation. 
4. Instrumentation 
4.1 Flow Injection Analysis 
Flow injection analysis (FIA) is a technique involving the injection of an aqueous 
sample into a continuously flowing carrier stream [2-5, 7, 8, 66, 67]. Developed in 
the 1970’s, this simple methodology allows for reactions to be performed and 
recorded in a highly reproducible manner using simple instrumentation. Typically, a 
precise aliquot of sample is injected into a continuously flowing carrier stream and 
reagent and carrier solutions are then merged at a confluence point prior to, or within 
a detection flow-cell [2-5, 7, 8, 66, 67]. The detector usually comprises a 
photomultiplier tube (PMT) mounted flush against this flow-cell (figure 1.3) and 
encased in a light-tight housing [2-5, 7, 8, 66-68]. As chemiluminescence is transient, 
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it is imperative that the volume between the confluence point and observation point 
can be controlled, to allow the maximum amount of light to be captured by the 
detector [2, 4, 5, 7, 8]. An advantage of FIA is the ability to merge reaction solutions 
as close as possible to the PMT, which is ideal for relatively fast reactions [2, 4, 5, 7, 
8].  
 
Figure 1.3: Chemiluminescence detector for flow injection analysis. 
Given the importance of reaction kinetics upon the resulting chemiluminescence 
intensity, the physical parameters of the FIA manifold are crucial [2, 4, 5, 7, 8]. Of 
particular importance is the design of the flow-cell, as the volume, dimensions and 
geometry of the cell significantly influence the sensitivity of this technique [2-5, 8, 
68]. The most common type of flow-cell described in the literature consists of a 
simple coil (made of glass or transparent polymer tubing), with a T- or Y-shaped 
confluence point close to the entry point of the cell [2-5, 8, 68]. Recently, several 
alternative flow-cells designs have been developed by Terry et al., including several 
micro-machined cells with channels etched into polymer disks or chips [69-72]. In 
these studies, a number of novel innovations, including serpentine channels for 
enhanced solution mixing, and a dual-inlet design allowing the merging of solutions 
directly in front of the detector, were shown to be particularly effective for certain 
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chemiluminescence reactions [69-72]. Several of these designs are utilised 
throughout this thesis, as described within the experimental sections. 
As FIA is well-suited for monitoring the transient emissions from 
chemiluminescence reactions, it offers a simple means of investigating the behaviour 
of reagents and testing different experimental conditions [7]. Although FIA can be 
used for the determination of analytes in relatively ‘clean’ samples (as reviewed by 
Fletcher et al. [7]), the lack of a separation step hinders its use for the analysis of 
more complex matrices [3, 5, 8, 73]. 
4.1.2  Stopped-Flow Analysis 
A characteristic of flow-based methodology is that solutions are continuously 
propelled through the system during analysis [3-5, 7-9, 66, 67]. Chemiluminescence 
reactions are initiated immediately following the merging of reagent and analyte, 
with the reaction kinetics determining the amount of time in which light is generated 
[1, 3-5, 7, 9]. Therefore, in FIA only a portion of the emission is captured by the 
detector, as the confluence point is typically located prior to the flow-cell entry, and 
the reaction may also persist following its elution from the flow-cell exit [67, 68].  
If observation of the entire reaction profile is desired, then a technique known as 
stopped-flow analysis may be employed [3, 74-77]. Syringe pumps are used to 
dispense precise, equivalent amounts of reagent and sample into a flow-cell, where 
the reacting mixture is held for a given period of time [3, 74-77]. In this way, the 
reaction can be monitored in its entirety. The chemiluminescence versus time profile 
obtained can provide important information regarding the kinetics of the reaction. 
Therefore, stopped-flow analysis is an excellent tool for the fundamental study of 
reagent behaviour [3, 74-77].  
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4.2 High Performance Liquid Chromatography 
High performance liquid chromatography (HPLC) is a technique designed to 
separate components of a sample mixture by distributing them between two phases 
[78-80]. Reversed-phase chromatography is the most widely employed separation 
technique [81]. Incorporating a non-polar stationary phase and a comparatively polar 
mobile phase, sample components are separated on the basis of the solvophobic 
theory, whereby retention is expressed as the relative interactions between the 
analyte, mobile and stationary phases. [80, 81]. Unlike FIA this technique allows for 
the analysis of highly complex sample matrices. 
Chemiluminescence is well suited for post-column detection, as the simple, often 
custom-built detectors used can be easily incorporated into to HPLC instrumentation 
[6, 8, 9, 82]. Typically, the manifold is not dissimilar to the FIA configuration 
described in the previous section - the column eluent merges with a continuously 
flowing reagent line shortly prior to entering the flow-cell (figure 1.4) [6, 8, 9, 82]. 
An analog-to-digital converter is also required so that the signal from the detector 
can be recorded using the integrated HPLC software. Chemiluminescence can also 
be used in series with other non-destructive detection techniques (such as UV-visible 
detection), provided that it is placed last in the series due to the mixing of column 
eluent with reagents. 
 
Figure 1.4: Basic HPLC manifold incorporating chemiluminescence detection. 
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Much like FIA, optimisation of the initial reaction conditions and instrument 
manifold is critical to maximising the chemiluminescence intensity. With HPLC 
however, this process is complicated by the need to maintain adequate separation 
conditions, as factors such as mobile phase composition (and compatibility with 
reagents), eluent flow rate and tubing length (to minimise band broadening) must 
also be taken into account [6, 8, 9, 73, 82]. Therefore, optimisation of HPLC 
methods must provide a balance between chemiluminescence intensity and resolution 
of individual sample components [6, 8, 9, 73, 82].  
5. Model Analytes 
To illustrate the characteristics of an analytical system, or to compare and/or 
optimise methods, an appropriate set of analytes must be selected. The criteria for 
choosing a model analyte(s) is dependent on the system and the aspect of the method 
(e.g. selectivity, sensitivity, etc.) to be examined. In this investigation of 
manganese-based chemiluminescence reactions, the following features were 
considered desirable: 
x Relatively simple molecular structures, to easily determine the effects of 
specific functional groups. 
x Structural similarities, as compounds which differ by the substitution or 
position of a functional group can provide important information regarding 
structure/function relationships. 
x Extensively studied analytes. Several classes of compound have been 
examined with both acidic potassium permanganate and the 
manganese(IV) reagent, and are therefore ideal for comparing new reagent 
preparations or the effects of reaction conditions.  
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x Analytes of interest. It is advantageous if the sensitive quantification of the 
chosen compounds is important in one or more scientific fields.  
Given these criteria, presented below are several categories of model analyte which 
will be used throughout this thesis to examine reactions with manganese-based 
chemiluminescence reagents. 
5.1 Amino Acids 
Amino acids are the basic structural units from which peptides and proteins are 
created, and are fundamental molecules to all life forms [83, 84]. Within living 
organisms they play many important roles, not only in protein synthesis but also in 
metabolism, serving as precursors to many other biologically important molecules 
[83, 84]. For example, tryptophan can be metabolised to the important 
neurotransmitter serotonin [84-86], or via the kynurenine cascade [87, 88], which 
contains several products known to exhibit neurological activity [88-92]. Similarly, 
phenylalanine and tyrosine are precursors to catecholamines, including epinephrine, 
norepinephrine and dopamine [84, 86, 93]. Additionally, several amino acids 
including glutamate, aspartate and glycine act directly as neurotransmitters 
themselves [84, 86]. 
Given these characteristics, the determination of amino acids is important in 
several fields of research, including metabolomics, biomedical, bioengineering and 
food chemistry [94-96]. Accordingly, an extensive range of analytical methodology 
has been developed, including cation exchange, reverse-phase and gas 
chromatography as well as capillary electrophoresis, generally with UV-visible or 
fluorescence detection [94-100]. Several pre-treatment steps are also usually required 
prior to analysis. For biological samples, protein removal (often by precipitation with 
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5-sulfosalicylic acid) is generally required [94, 95, 97]. Also, most amino acids are 
difficult to detect in their native form (due to a lack of strong chromophores or 
fluorophores), requiring derivatisation ether pre- or post-column [94-96, 98, 99]. For 
many years, post-column derivatisation with ninhydrin (following cation-exchange 
chromatography) was the most common procedure [95], but this has since been 
superseded by quicker and more sensitive liquid chromatography methods, with pre-
column derivatisation using agents such as N-(9-fluorenyl)methoxycarbonate 
(FMOC), o-phthalaldehyde OPA) and dimethylaminonaphthalene sulphonyl 
chloride (DANSYL) [94-96]. 
Despite the wide range of developed protocols, there is still an ongoing push for 
improved methodologies [95, 101]. Sample pre-treatment steps are a particular 
weakness of traditional procedures, leading to longer analysis times and the 
increased possibility of introducing artificial effects. Derivatisation methods also 
have the potential to reduce specificity, as complex biological samples often contain 
other compounds which can react with certain derivatising agents [95]. Therefore, 
there has recently been an increased focus on direct detection methods, including 
mass spectrometry [102] and chemiluminescence. Numerous publications have 
examined reactions between amino acids and a range of chemiluminescence 
reagents, including; N-bromosuccinamide [103, 104], hypobromite [105], lucinagen 
[106], luminol [107-110], peroxyoxalate [111], tris(2,2'-bipyridine)ruthenium(III) 
[112-117] and acidic potassium permanganate [18, 118]. One example is a previous 
paper from our research group, which described the optimisation of several 
chemiluminescence reagents that exhibited considerable selectivity towards specific 
amino acids including arginine, histidine, phenylalanine, proline, tryptophan and 
tyrosine [119]. 
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Structurally, amino acids share the same backbone (figure 1.5) and their chemical 
characteristics are defined by the functionality of their side chain [83, 84]. This 
feature makes them an ideal set of model analytes to examine the selectivity of 
different chemiluminescence reagents, as changes in the amount of light emitted 
should only be due to this side chain functionality. Since there are over 20 commonly 
found amino acids, this provides a substantial set of compounds with which to 
comprehensively explore reagent behaviour. 
 
Figure 1.5: Generic structure of the amino acid backbone. 
5.2 Biologically Significant Thiols and Disulfides 
Biological aminothiols such as cysteine, homocysteine and glutathione (GSH) 
occur widely in animal fluids and tissues and play important roles in physiological 
processes [120, 121]. These compounds exist mainly in their reduced forms, but can 
be converted to the corresponding disulfide under conditions of oxidative or 
nitrosative stress (figure 1.6) [122]. GSH and its oxidised form glutathione disulfide 
(GSSG) form a redox couple of particular biological importance, as a change in the 
ratio of GSH/GSSG is one of the first indications of an overproduction of reactive 
oxygen species [122-125]. In addition, increased levels of homocysteine (a vital 
regulatory intermediate of the methionine cycle) in plasma can indicate deficiencies 
in folic acid, vitamins B12 and B6, as well as errors in metabolism and increased risk 
of cardiovascular disease [126-128]. As such, low-molecular mass thiol and disulfide 
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compounds are important biomarkers, and their determination has the potential to 
facilitate diagnosis and monitoring of numerous pathophysiological conditions [123-
125, 129]. 
 
Figure 1.6: Schematic representation of conversion between glutathione (GSH) and 
glutathione disulfide (GSSG). GPx = glutathione peroxidase, GR = glutathione 
reductase. Image adapted from [120, 129, 130]. 
An abundance of analytical methodologies have been developed for the 
quantification of these compounds in biological fluids and tissues [121, 123, 131-
133]. Similar to amino acid analysis, determination of thiol compounds usually 
requires derivatisation (as the analytes lack strong chromophores or fluorophores) 
followed by a chromatographic/electrophoretic separation [121-123, 131, 133]. 
Additionally, disulfide compounds generally cannot be detected directly (or by 
derivatisation), and must be reduced to their respective thiols before a second 
analysis is performed [121, 123, 131, 133-135]. Not only is this approach time 
consuming, but it is also prone to the deleterious effects of sample auto-oxidation, 
GPX GR
H2O2
H2O
NADP+
NADPH + H+
R•
RH
GSH
GSSG
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which can lead to significant overestimation of disulfide concentration [123, 131, 
135]. Conversely, the application of common techniques which do not require a 
derivatisation step (including mass spectroscopy and electrochemistry) are limited by 
equipment complexity, cost, electrode fouling and/or analysis times [132, 136-138]. 
Our research group has developed several methods for the analysis of thiols and 
disulfides in real samples using chemiluminescence detection following 
chromatographic separations. McDermott et al. conducted a series of univariate 
experiments to optimise an acidic potassium permanganate reagent for thiol 
detection, which was then employed for the post-column determination of GSH in 
skeletal muscle cells [139]. Whilst this approach was very selective for thiol 
containing compounds, it was unable to directly detect analytes containing a 
disulfide bond, which still required a second chromatographic run following a 
disulfide bond reduction for quantification [139]. More recently it was noted that the 
broader analyte selectivity exhibited by the manganese(IV) reagent allowed for the 
direct detection of both thiol and disulfide compounds [45]. This was applied to the 
post-column detection of seven biologically important thiols and disulfides in whole 
blood, in a single chromatographic run [45]. Given the success of these methods for 
the determination of important biomarkers in biological samples, improvements to 
their sensitivity and application to a wider range of sample types would be highly 
valuable. 
5.3 Dihydroxybenzenes 
The dihydroxybenzenes are a series of polyphenolic compounds, consisting of two 
hydroxyl groups substituted onto a benzene ring. There are three isomers: 
pyrocatechol (1,2-dihydroxybenzene), resorcinol (1,3-dihydroxybenzene) and 
hydroquinone (1,4-dihydroxybenzene) (figure 1.7). As positional isomers, these 
CHAPTER ONE 
19 
 
compounds are useful for examining the effect of functional group position on 
chemiluminescence intensity. Moreover, as polyphenols, their structure is 
representative of many derivatives which are known to elicit light with the acidic 
potassium permanganate reagent (including various neurotransmitters, antioxidants, 
alkaloids and pharmaceuticals) [18, 19]. Therefore, an examination of their 
behaviour would be relevant to the wider application of permanganate 
chemiluminescence.  
 
Figure 1.7: Structures of the parent dihydroxybenzenes: meta (resorcinol), para 
(hydroquinone) and ortho (pyrocatechol). 
These dihydroxybenzene compounds are important raw materials which are 
produced and/or consumed by many industries, including the manufacture of 
pharmaceuticals, cosmetics, dyes, food, rubber and in petroleum refinery [140-144]. 
As such, they are environmental pollutants, often found in the waste effluent of such 
processes [141-144]. In addition, all three compounds are extremely hazardous, 
highly toxic above certain concentrations and potential carcinogens [141, 142, 145] 
(pyrocatechol in particular has been classified by the International Agency for 
Research on Cancer (IARC) in group 2B, as a possible human carcinogen [146]). 
Consequently, there is a high demand for the determination of these compounds, not 
only in waste streams, but also in products such as cosmetics, hair dye and food 
[140-143, 145]. 
hydroquinoneresorcinol pyrocatechol
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Polyphenolic compounds have been extensively studied with the acidic potassium 
permanganate reagent [18, 19]. However, reports regarding the relative 
chemiluminescence intensities afforded by the three parent dihydroxybenzenes have 
been glaringly inconsistent [143, 145, 147-150]. This is presumably due to a wide 
variety of instrumental manifolds and reaction conditions being employed by 
different research groups. For example, Ikkai et al. utilised a 1 × 10-3 M 
permanganate reagent (prepared in 1 M sulfuric acid) and found that the signal from 
the meta-substituted isomer was 5-fold less intense than the responses from the para- 
and ortho-substituted compounds [147]. Conversely, Gómez-Taylor Corominas and 
co-workers utilised a 0.02 M permanganate reagent (in a continuous flow manifold, 
in which both reagent and analyte were merged with 1 M sulfuric acid prior to 
entering the flow-cell) and reported the meta compound to elicit the largest response, 
followed by para and then the ortho-substituted [145]. Several other studies also 
examined different reagent conditions in their experiments and noted dramatically 
different results [143, 148-150]. Given this, it is currently difficult to establish any 
clear relationships between these analyte structures and chemiluminescence intensity 
with this reagent. 
5.4 Opiate Alkaloids 
Opiate alkaloids are compounds that originate from the unripened seeds of the 
opium poppy, Papaver somniferum [151-153]. Structurally, these compounds fall 
into one of two categories, those based on a phenanthrene backbone (which include 
morphine, codeine, oripavine and thebaine) and those based on an isoquinoline 
backbone (papaverine and noscapine) (figure 1.8) [151]. Several phenanthrene based 
opiates are known to be psychoactive, interacting with opioid receptors in the brain, 
resulting in an analgesic effect [152-156]. Morphine and codeine are examples of 
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natural opiates which are currently used as prescription drugs, however there are also 
many semi-synthetic opiate derivatives designed to mimic their pain-killing effects 
[153, 154, 157]. These are generally formulated via simple chemical modifications of 
natural opiate species, and include hydrocodone, oxycodone and heroin [152, 154, 
157, 158]. 
 
Figure 1.8: Structures of the phenanthrene and isoquinoline backbones. 
Demand and consumption of opiate based pharmaceuticals is increasing 
internationally [157]. The International Narcotics Control Board estimates that in 
Australia alone approximately 1000 kg of morphine and over 10,000 kg of codeine 
will be required for use in 2014 [157]. Natural opiates are produced (from opium 
poppies) on an industrial scale via a proprietary process involving a series of 
extraction steps [151, 157, 159]. Consequently, the ability to monitor the 
concentration of alkaloids in process streams, on-line and in real time, is crucial to 
achieving optimum manufacturing efficiency and to maintain precise control of the 
process [157, 159]. In addition, many opiate alkaloids are controlled substances due 
to their potential for abuse (morphine, codeine, heroin, etc.) or for their ability to be 
converted into drugs of abuse (thebaine, oripavine, etc.) [157, 160]. Therefore, their 
accurate and sensitive determination is also extremely important in the field of 
forensic science [151, 158, 161, 162]. 
phenanthrene isoquinoline
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As model analytes, the opiate alkaloids are particularly useful for the evaluation of 
manganese-based chemiluminescence reagents. Since the first description of 
chemiluminescence reactions from acidic potassium permanganate and illicit drugs 
(including a series of opiates) in 1986 [163], numerous studies have investigated the 
application of this reagent to their determination in various samples [18, 159, 164-
169]. Throughout these studies it was noted that phenolic opiates, such as morphine, 
were able to elicit extremely large signals with the permanganate reagent, whereas 
codeine, thebaine and heroin (which are non-phenolic) produced only very weak 
signals [159]. This trend was exploited in a heroin screening test (developed at 
Deakin University), which is based on the complementary selectivity of acidic 
potassium permanganate and tris(2,2'-bipyridine)ruthenium(III) [170]. Additionally, 
a number of opiate alkaloids have also been screened with the colloidal 
manganese(IV) reagent [20, 38, 40]. A study by Brown et al. included a HPLC 
separation of six compounds (morphine, pseudomorphine, codiene, oripavine, 
thebaine and papaverine) in which similar emission intensities were noted with both 
phenolic and non-phenolic analytes — an example of this reagent's broader 
selectivity [38].  
This important analyte set has been extensively studied with these reagents, 
allowing some general trends regarding the relationship between analyte structure 
and chemiluminescence intensity to be observed [18, 20, 38, 40, 159, 164-169]. 
Hence, they are an ideal class of compound to examine reaction conditions, or to 
evaluate new preparations of manganese-based reagents.  
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6. Project Aims 
Efficient optimisation and application of chemiluminescence reagents for the 
detection of specific target analytes is reliant on a fundamental understanding of 
reagent behaviour. The work presented in this thesis explores the underlying 
chemistry of reactions with manganese-based chemiluminescence reagents, and 
investigates novel approaches to their preparation and enhancement. Several model 
analytes are utilised to examine the selectivity of the reagents towards specific 
functional groups, and to gain a greater understanding of their behaviour under 
different reaction conditions. Specific aims include: 
x To compare the selectivity of several reagents under varying reaction 
conditions using an extensive analyte set. 
x To identify and monitor the formation of key intermediates in reactions 
with acidic potassium permanganate. 
x To develop a novel method of preparing a colloidal manganese(IV) reagent 
which is less labour intensive. 
x To improve the sensitivity of detection with acidic potassium permanganate 
chemiluminescence, and apply this to the analysis of important biomarkers 
in real samples. 
x To identify compounds which significantly increase manganese(IV) 
chemiluminescence, to replace the highly toxic and carcinogenic 
formaldehyde enhancer which is currently required.  
 
CHAPTER TWO 
24 
 
 
 
 
 
CHAPTER TWO 
CHEMILUMINESCENCE DETECTION OF AMINO ACIDS 
AND RELATED COMPOUNDS 
 
1. Introduction 
2. Experimental 
3. Results and Discussion 
4. Conclusions 
  
CHAPTER TWO 
25 
 
1. Introduction 
As described in the previous chapter, amino acids are important biological 
molecules, and their detection is crucial in many fields of research [83, 84, 94-96]. 
Given this, an extensive range of analytical methodology for their determination has 
been developed [94-100]. However, the on-going exploration of new modes of 
detection is driven by the desire for faster, simpler and/or more sensitive analysis 
[95, 101, 171]. A majority of methods are traditionally ‘derivatisation’ based, 
however researchers are increasingly exploring ‘direct’ modes of detection, (such as 
mass spectrometry [102] and chemiluminescence [18, 103-106, 109-113, 118]) 
which can reduce analysis time as well as artificial effects from sample pre-treatment 
steps. 
In 2003, Costin et al. described a series of chemiluminescence reagents (including 
acidic potassium permanganate) that exhibited considerable selectivity towards 
specific amino acids, which were exploited in simple flow analysis procedures for 
the determination of arginine, histidine, phenylalanine, proline, tryptophan and 
tyrosine [119]. This work was subsequently extended to the detection of peptides 
such as angiotensins [172] and glutathione (GSH) [139] after chromatographic 
separations.  
In recent years, two of the reagent systems explored in that publication (acidic 
potassium permanganate and tris(2,2c-bipyridine)ruthenium(III) ([Ru(bipy)3]3+) have 
undergone several major advances - in terms of their stability [30, 173], sensitivity 
[30, 31], and the understanding of their light producing pathways [23, 174]. 
Moreover, the colloidal manganese(IV) reagent was developed [20], and shown to 
elicit chemiluminescence with a wide range of compounds, including several amino 
acids [38, 45, 175]. In light of these advancements, a comprehensive study involving 
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the examination of a diverse analyte set would be ideal to explore the versatility of 
these new reagent preparations.  
Therefore, in this chapter, several reagents (including enhanced permanganate, 
colloidal manganese(IV) and stabilised [Ru(bipy)3]3+) are compared for the first time 
using 26 amino acids and related biomolecules via flow injection analysis 
methodology. Further experiments comparing responses from the permanganate 
reagent under different initial reaction conditions demonstrate the importance of 
optimisation and the ability to ‘tune’ reagent selectivity. Finally, several additional 
compounds containing thiol and disulfide moieties are screened using a 
permanganate reagent and colloidal manganese(IV), to confirm the affinity of these 
reagents towards this important analyte class. 
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2. Experimental 
2.1 Chemical and Reagents 
Deionised water and analytical grade reagents were used unless otherwise stated. 
Chemicals were obtained from the following sources: L-alanine (≥99.5%), L-arginine 
monohydrochloride (≥99.0%), L-asparagine (≥99.0%), L-aspartic acid (≥99.0%), 
L-cysteine (≥98.5%), L-cystine (≥99%), disodium phosphate, L-glutamic acid 
(≥99.0%), L-glutamine (≥99.5%), L-glutathione (≥98%), L-glutathione disulfide 
(≥99%), glycine (≥99.0%), L-histidine monohydrochloride monohydrate (≥99.0%), 
DL-homocysteine (≥95%), DL-homocystine, trans-4-hydroxy-L-proline (≥99.0%), 
L-isoleucine (≥99.0%), L-leucine (≥98.0%), L-lysine monohydrochloride (≥99.0%), 
L-methionine (≥99.0%), monosodium phosphate, L-phenylalanine (≥98.0%), 
L-proline (≥99.0%), L-serine (≥99.0%), sodium polyphosphate (+80 mesh), sodium 
tetraborate, L-threonine (≥99.0%), trichloroacetic acid, trifluoroacetic acid 
L-tryptophan (≥98.0%), L-tyrosine (≥98.0%) and L-valine (≥99.0%) from 
Sigma-Aldrich (New South Wales, Australia); formaldehyde (37%), orthophosphoric 
acid (85%), and potassium permanganate from Chem-Supply (South Australia, 
Australia); lead dioxide, potassium iodide and sodium perchlorate from Ajax 
Finechem (New South Wales, Australia); sulfuric acid from Merck (Victoria, 
Australia); formic acid from Hopkin and Williams (Essex, England); perchloric acid 
(70% w/v) from Univar (New South Wales, Australia); aqueous soluble starch from 
Fisons Scientific Equipment (Loughborough, England), acetonitrile from Burdick & 
Jackson (Michigan, USA) and tris(2,2′-bipyridine)ruthenium(II) dichloride 
hexahydrate from Strem Chemicals (Minnesota, USA). Dihydrolipoic acid and a 
series of N-phenylamide based derivatives were prepared from D-lipoic acid, as 
previously described [176]. Analyte solutions were prepared daily. 
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2.1.1  Acidic Potassium Permanganate 
The ‘standard’ permanganate reagent was prepared by dissolving potassium 
permanganate (1 × 10-3 M) in a 1% m/v sodium polyphosphate solution and 
adjusting to pH 2.5 with sulfuric acid. 
The permanganate reagent utilised for the selective detection of tyrosine (originally 
described by Costin et al. [119]) was prepared by dissolving potassium 
permanganate (3.1 × 10-3 M) in a 1% m/v sodium polyphosphate solution and 
adjusting to pH 6.75. 
The ‘enhanced’ permanganate reagent [31] was prepared by dissolving potassium 
permanganate (1.9 × 10-3 M) in a 1% m/v sodium polyphosphate solution, adjusting 
to pH 2.5, and then adding sodium thiosulfate (6 × 10-4 M), using a small volume of 
a 0.1 M stock solution. 
The permanganate reagent optimised for the detection of thiols [139] was prepared 
by dissolving potassium permanganate (2.5 × 10-4 M) in a 1% m/v sodium 
polyphosphate solution and adjusting to pH 3.  
In all cases, analytes (1 × 10-5 M) were injected into a carrier stream (either 
deionised water or deionised water adjusted to pH 2.8 with formic acid) that merged 
with the continuously flowing permanganate reagent (figure 2.1). 
2.1.2  Colloidal Manganese(IV) 
The colloidal manganese(IV) reagent was prepared as previously described, based 
on the method of Jáky and co-workers [37-39]. Freshly precipitated manganese 
dioxide, obtained via the reduction of potassium permanganate with excess sodium 
formate was collected by vacuum filtration and washed with deionised water. 
Subsequently, 0.6 g of the wet material was added to 500 mL of orthophosphoric 
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acid (3 M) and sonicated for 30 min. The colloid was heated at 80 ˚C for 1 hr, cooled 
to room temperature and the concentration determined by iodometric titration [177]. 
The stock manganese(IV) solution was diluted daily to 5 × 10-4 M using 
orthophosphoric acid (3 M). Formaldehyde was filtered and diluted to 2 M with 
deionised water.  
For analysis, analytes (1 × 10-5 M) were injected into a deionised water carrier 
stream that was combined with a 2 M formaldehyde line, prior to merging with the 
reagent in the detection flow-cell (figure 2.2). 
2.1.3  ‘Stabilised’ Tris(2,2'-bipyridine)ruthenium(III) 
The ‘stabilised’ [Ru(bipy)3]3+ reagent [173] was prepared as follows: 
[Ru(bipy)3]Cl2 was treated with sodium perchlorate in aqueous solution to yield a 
[Ru(bipy)3](ClO4)2 precipitate, which was collected by vacuum filtration, washed 
twice with ice water, and dried over phosphorus pentoxide for 24 h. The reagent 
solution was prepared by dissolving the crystals in acetonitrile containing 0.05 M 
perchloric acid. Lead dioxide (0.2 g/100 mL) was added to form the blue-green 
[Ru(bipy)3]3+.  
In initial tests, the excess oxidant was filtered from the solution using a 0.45 Pm 
syringe-tip filter. Using a three-line FIA manifold, a continuously flowing analyte 
stream (5 × 10-6 M) was merged with a sodium tetraborate buffer (0.1 M, pH 10) and 
then combined with a deionised water carrier immediately prior to entering the 
coiled-tubing flow-cell. The reagent (5 × 10-5 M) was injected into the carrier stream 
(figure 2.3). 
In subsequent experiments, the analyte (1 × 10-5 M) was injected into a carrier 
stream (deionised water adjusted to pH 2.8 with formic acid), which merged with a 
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phosphate buffer (0.04 M, pH 8) stream and then a flowing stream of the reagent 
(1 × 10-3 M, filtered through a small Pasteur pipette packed tightly with glass wool) 
(figure 2.2). 
2.2 Instrumentation 
The flow injection analysis instruments were constructed from a Gilson Minipuls 3 
peristaltic pump (John Morris Scientific, New South Wales, Australia) with bridged 
PVC pump tubing (1.02 mm i.d., DKSH, Queensland, Australia) and a 6-port 
injection valve (Vici 04W-0192L; Valco Instruments, Texas, USA) equipped with a 
70 μL sample loop. A GloCel detector (Global FIA, Washington, USA) with a dual-
inlet serpentine flow-cell (figure 2.4) [69] and extended range photomultiplier 
module (Electron Tubes model P30A-05; ETP, New South Wales, Australia) was 
used for the permanganate and manganese(IV) experiments, and an in-house 
fabricated detector containing an aluminium-backed coiled-tubing flow-cell [71] and 
extended-range photomultiplier module within a light-tight housing was used for the 
[Ru(bipy)3]3+ experiments. All tubing entering and exiting the detectors was black 
PTFE (0.76 mm i.d.; Global FIA). The output signal from the photomultiplier 
module was recorded with an e-corder 410 data acquisition system (eDAQ, New 
South Wales, Australia). Schematics of the manifolds used are displayed below 
(figures 2.1, 2.2 and 2.3).  
 
Figure 2.1: FIA manifold used with the permanganate reagents. 
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Figure 2.2: FIA manifold used with the colloidal manganese(IV) reagent, and the 
[Ru(bipy)3]3+ reagent. 
 
Figure 2.3: FIA manifold used for the initial [Ru(bipy)3]3+ experiments. 
 
 
 
 
Figure 2.4: Representation of the dual-inlet serpentine flow-cell (Global FIA) used for 
detection with the manganese-based reagents. Image taken from Terry et al.[69]. 
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3. Results and Discussion 
3.1 Reagent Comparison 
Flow injection analysis methodology was used to compare the responses of 26 
amino acids and related biomolecules (figure 2.5 a and b) with several commonly 
used chemiluminescence reagents: acidic potassium permanganate, colloidal 
manganese(IV) and ‘stabilised’ [Ru(bipy)3]3+. 
 
Figure 2.5a: Structures for 11 of the 26 amino acids and related biomolecules tested. 
glutathione disulfide
glutathione
glycineglutamic acidglutamine
cystinecysteineaspartic acid
asparagineargininealanine
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Figure 2.5b: Structures for 15 of the 26 amino acids and related biomolecules tested. 
3.1.1  Acidic Potassium Permanganate 
The analytes were initially examined with a 1 × 10-3 M permanganate reagent 
(containing 1% (m/v) sodium polyphosphate and adjusted to pH 2.5 with sulfuric 
acid). It has been previously demonstrated that analytes possessing phenol, indole 
histidine homocysteine
homocystine hydroxyproline
isoleucine leucine lysine
methionine phenylalanine proline
serine threonine tryptophan
tyrosine valine
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and thiol moieties elicit intense emissions upon reaction with this reagent [18, 19]. 
Accordingly, it was found that compounds containing these functionalities - tyrosine, 
tryptophan, cysteine, GSH and homocysteine - produced the greatest 
chemiluminescence signals (figure 2.6). Lysine (which contains a second primary 
amine group) also afforded a significant response. Only weak emissions (0.04 - 
0.16 mV) were observed from the remaining analytes. 
 
Figure 2.6: Chemiluminescence intensities with acidic potassium permanganate 
(1 × 10-3 M, 1% sodium polyphosphate, adjusted to pH 2.5 with H2SO4) using FIA 
methodology. All analytes were 1 × 10-5 M. The average RSD for replicate injections 
of analytes that gave significant signals was 2.1%. 
3.1.2  Colloidal Manganese(IV) 
Like permanganate, colloidal manganese(IV) can produce an electronically excited 
manganese (II) species upon reaction with various oxidisable compounds [20, 38, 
40]. As stated previously, the reagent is generally less selective towards analyte 
structure than acidic potassium permanganate [20]. Whilst a small number of amino 
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acids and other bioactive molecules have been screened with this reagent [20], there 
has never been a comprehensive study involving this important analyte class. To 
achieve this, the analytes were injected into a water carrier that was combined with 
2 M formaldehyde (previously shown to significantly enhance emission intensities 
with various analytes), before merging with the manganese(IV) reagent (as shown in 
figure 2.2).  
 
Figure 2.7: Chemiluminescence intensities with colloidal manganese(IV) (5 × 10-4 M) 
prepared in 3 M H3PO4 using FIA methodology. Analytes (1 × 10-5 M) were injected 
into a water carrier stream, which merged with a flowing stream of 2 M formaldehyde. 
The average RSD for replicate injections of analytes that gave significant signals was 
1.9%. Results shown are signal–blank. 
A measureable response was obtained from all analytes (figure 2.7) with intense 
emissions evoked from the indolic tryptophan, phenolic tyrosine and the three thiol 
containing compounds (cysteine, GSH and homocysteine). Importantly, the reagents 
broader selectivity also afforded large signals with the disulfide and thioether 
compounds (cystine, GSSG, homocystine and methionine). This widely applicable 
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reagent presents a useful alternative for the detection of multiple analytes that would 
normally require derivatisation and other sample pre-treatment. The broader 
selectivity of the manganese(IV) reagent may in part arise from the heterogeneous 
reaction conditions, where absorption of the analytes onto the surface of 
manganese(IV) nanoparticles promotes electron transfer to the metal centre [178].  
3.1.3  ‘Stabilised’ Tris(2,2'-bipyridine)ruthenium(III) 
[Ru(bipy)3]3+ has been widely used for the chemiluminescence and 
electrochemiluminescence detection of aliphatic amines [179, 180], with tertiary 
substituted amines generally providing the largest responses, followed by secondary 
and then primary amines [113, 181]. Similarly, amino acids such as proline, 
hydroxyproline, and pipecolic acid have been shown to elicit much greater emission 
intensities than their primary substituted counterparts [113, 115].  
A longstanding weakness of [Ru(bipy)3]3+ as a chemiluminescence reagent has 
been its limited stability in aqueous solution, particularly when employing off-line 
methods of preparation and/or alkaline conditions [182]. To address this issue, 
McDermott and co-workers synthesised [Ru(bipy)3](ClO4)2, which (when dissolved 
in acetonitrile containing 0.05 M perchloric acid and oxidised with lead dioxide) 
showed no change in chemiluminescence intensity when repeatedly reacted with a 
codeine solution over 48 hours [173]. Although [Ru(bipy)3]3+ has previously been 
utilised for the determination of several amino acids [112, 113], the ‘stable’ reagent 
has never been tested on this complete analyte set. 
When the 26 analytes were reacted with this ‘stable’ reagent in the presence of a 
sodium tetraborate buffer (using the manifold depicted in figure 2.3, an approach 
typically employed with [Ru(bipy)3]3+), the relative chemiluminescence intensities 
were generally in agreement with those reported in previous studies using the 
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conventional [Ru(bipy)3]3+ reagent [119]. As expected, proline (containing a 
secondary amine) elicited the largest response, however hydroxyproline and 
homocystine (which were not included in the Costin et al. study [119]) also gave 
large signals. These results also demonstrate the markedly different selectivity of 
[Ru(bipy)3]3+ compared to the manganese-based reagents, as the analytes containing 
a thiol moiety, as well as the indolic tryptophan partially quenched the blank signal 
(figure 2.8).  
 
Figure 2.8: Chemiluminescence intensities with stabilised [Ru(bipy)3]3+  (5 × 10-5 M) 
in acetonitrile containing 0.05 M HClO4 using FIA methodology. The reagents were 
injected into a carrier stream of deionised water. The analytes (5 × 10-6 M) were 
introduced as a flowing stream which merged with a sodium tetraborate buffer (0.1 M, 
pH 10). The average RSD for replicate injections of analytes that gave significant 
signals was 2.7%. Results shown are signal–blank. 
Because the ‘stabilised’ [Ru(bipy)3]3+ reagent is able to be used for extended 
periods of analysis, it is therefore, an attractive option for HPLC with post-column 
chemiluminescence detection. When applied using an FIA manifold which mimics a 
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typical HPLC set-up (manifold shown in figure 2.2, with a phosphate buffer), the 
selectivity of the reagent was significantly altered (figure 2.9). The signal for 
homocystine was considerably greater than the other disulfide compounds tested. 
The difference between cystine and homocystine may be due to the increased alkyl 
chain length, which has previously been shown to influence chemiluminescence 
intensity [181, 183, 184].  
 
Figure 2.9: Chemiluminescence intensities with stabilised [Ru(bipy)3]3+  (5 × 10-5 M) 
in acetonitrile containing 0.05 M HClO4 using FIA methodology. Analytes 
(1 × 10-5 M) were injected into a carrier stream of formic acid (pH 2.8), which merged 
with a flowing stream of phosphate buffer (0.04 M, pH 8). The average RSD for 
replicate injections of analytes that gave significant signals was 2.6%. 
Comparison of these three reagents using compounds which incorporate a wide 
range of functionalities clearly demonstrates their potential for the selective detection 
of various analyte classes. This emphasises the importance of correct reagent 
selection when developing a method for the determination of specific target analytes.  
In particular, comparison of the two manganese-based reagents also further displays 
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their markedly different selectivity, despite being shown to produce light from the 
same emitting species. 
3.2 Altering the Selectivity of the Permanganate Reagent 
Within our research group, acidic potassium permanganate is commonly prepared 
using the conditions described in the previous section [69, 70, 168, 185-190]. 
However, small changes in reaction conditions can significantly alter the responses 
of certain analytes. For example, it can be seen in figure 2.10 that the response of 
several amino acids is highly pH dependant. 
 
Figure 2.10: Chemiluminescence intensities of cysteine (teal circles), tryptophan 
(pink squares), tyrosine (purple triangles) and glycine (black diamonds) (5 × 10-6 M) 
with acidic potassium permanganate (1 × 10-3 M) at different pH, using FIA 
methodology. The reagents were prepared by dissolving permanganate in a 1% m/v 
sodium polyphosphate solution and adjusting the pH with sulfuric acid. Tryptophan is 
displayed on the secondary y axis. 
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The chemiluminescence intensity with tryptophan increases dramatically with 
decreasing pH, whilst cysteine and tyrosine produce a maximum response at pH 3 
and 4 respectively (figure 2.10). This emphasises the importance of reagent 
optimisation, as the initial conditions can be ‘tuned’ to provide optimal signals for 
specific analytes. Additionally, if a number of analytes with varying functionalities 
are to be examined (the current analyte set, for example) it is important to find 
conditions which provide a balance of signals from all analytes of interest. Figure 
2.10 demonstrates that the pH used in the above section (pH 2.5) affords relatively 
strong signals from all analytes tested. 
Costin et al. demonstrated that increasing the pH of permanganate to between 4 
and 8 eliminated the signal from tryptophan, effectively making the reagent tyrosine 
selective [119]. Applying these conditions to all 26 analytes however, identified 
proline and hydroxyproline as positive interferences (figure 2.11). Nevertheless, the 
reagent did eliminate the responses of all other analytes tested, demonstrating how 
easily the reagent can be ‘tuned’ to the detection of particular functionalities.  
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Figure 2.11: Chemiluminescence intensities with acidic potassium permanganate 
(3.1 × 10-3 M, 1% sodium polyphosphate, adjusted to pH 6.75 with H2SO4) using FIA 
methodology. All analytes were 1 × 10-5 M. The average RSD for replicate injections 
of analytes that gave significant signals was 2.9%. 
Unfortunately, at high pH the stability of the reagent was significantly reduced, 
with insoluble manganese dioxide precipitates forming within an hour of reagent 
preparation. It appears that the stabilising effects of the sodium polyphosphates 
present in the solution are lessened in near neutral conditions. 
3.2.1  Enhancement of Acidic Potassium Permanganate 
It was recently discovered that permanganate chemiluminescence from phenolic 
compounds can be enhanced by a preliminary partial reduction of the reagent, which 
creates high concentrations of the manganese(III) precursor to the emitter [30, 31]. 
This results in an increase to the rate of the reaction, which allows a greater portion 
of the emission to be captured by the photodetector. 
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Figure 2.12: Chemiluminescence intensities with ‘enhanced’ acidic potassium 
permanganate (1.9 × 10-3 M, 1% polyphosphate, pH 2.5) which had undergone 
preliminary partial reduction via the addition of 6 × 10-4 M sodium thiosulfate. All 
analytes were 1 × 10-5 M). The average RSD for replicate injections of analytes that 
gave significant signals was 1.2%. 
As can be seen in figure 2.12, when this ‘enhanced’ reagent was applied to the 
detection of the 26 amino acids, all analytes (with the exception of cysteine) 
experienced modest signal enhancement, compared to the ‘standard’ permanganate 
reagent presented in figure 2.6. The response for tyrosine was at least 20-fold greater 
than any other analyte examined under the same conditions, and 70-fold greater than 
the response for tyrosine with the ‘standard’ permanganate reagent. 
The superior selectivity towards tyrosine under these conditions has been attributed 
to differences in the reactivity of phenolic and non-phenolic species with 
permanganate and manganese (III) [191]. The higher concentration of 
manganese(III) results in a much greater increase in the rate of reaction with phenolic 
analytes, particularly those which otherwise react slowly with the standard 
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permanganate reagent [31]. This approach offers an alternative to derive greater 
selectivity for tyrosine over other amino acids, without the reduced stability caused 
by increasing the pH, and eliminating interferences from proline and hydroxyproline.  
As previously mentioned, it is typical for acidic potassium permanganate to 
produce intense chemiluminescence with analytes that contain phenolic and/or 
indolic moieties. However, conditions can also be manipulated to maximise the 
detection of other functional groups. McDermott and co-workers conducted a series 
of univariate studies to determine the optimum reagent conditions for the detection of 
thiol compounds [139]. It was found that using a lower reagent concentration with a 
slightly higher pH (2.5 × 10-4 M, 1% sodium polyphosphates, pH 3) produced the 
maximum signals from these analytes. A formic acid enhancer (pH 2.8) was also 
incorporated into the carrier stream, to further increase the chemiluminescence 
response [139]. This method was then utilised for the determination of the thiol 
containing compound GSH in skeletal muscle cells following chromatographic 
separation [139].  
In order to examine a reagent prepared in this manner with the 26 amino acids, 
analytes were injected into a carrier stream containing deionised water adjusted to 
pH 2.8 with formic acid prior to merging with the reagent. As expected, the 
responses of all three thiol compounds were increased by at least an order of 
magnitude (figure 2.13). Interestingly, the responses for most other analytes were 
decreased compared to those seen with the ‘standard’ reagent in figure 2.6.  
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Figure 2.13: Chemiluminescence intensities with acidic potassium permanganate 
(2.5 × 10-4 M, 1% polyphospahte, pH 3) using FIA methodology. Analytes 
(1 × 10-5 M) were prepared in water and injected into a flowing stream of formic acid 
at pH 2.8. The average RSD for replicate injections of analytes that gave significant 
signals was 0.7%. 
The above experiments demonstrate the strikingly different responses that can be 
achieved with the permanganate reagent by changing the initial reaction conditions. 
This also reinforces the importance of reagent optimisation when developing a 
method for the detection of specific analyte classes. A greater understanding of 
reagent behaviour under different reaction conditions could allow researchers to 
predict optimal conditions more reliably, requiring less ‘trial and error’ in 
optimisation experiments. 
3.3 Manganese-Based Reagents for the Detection of Thiols and Disulfides 
Several of the analytes included in this screening study contain a thiol or disulfide 
functionality. As mentioned in chapter 1, these compounds often play important roles 
AL
A
AR
G
AS
N
AS
P
CY
S
CY
SS
GL
N
GL
U
GL
Y
GS
H
GS
SG HI
S
HC
YS
HC
YS
S
HY
P
IL
E
LE
U
LY
S
M
ETPH
E
PR
O
SE
R
TH
R
TR
P
TY
R
VA
L
0.0
2.5
5.0
7.5
10.0
12.5
15.0
17.5
20.0
C
he
m
ilu
m
in
es
ce
nc
e 
In
te
ns
ity
 (m
V
)
Analyte
CHAPTER TWO 
45 
 
in physiological processes and are biomarkers of oxidative stress, and therefore, 
rapid and reliable methods for their direct determination are extremely desirable 
[123-125, 129]. Indeed, both acidic potassium permanganate and the colloidal 
manganese(IV) reagent have previously been utilised for the detection of the 
important redox pair GSH and GSSG in biological tissues and fluids [45, 139]. 
To further demonstrate the utility of these reagents for the determination of similar 
compounds, the responses from the reduced and oxidised forms of D-lipoic acid (a 
therapeutic agent that affects cellular metabolic processes and redox status [192]), 
and five N-phenylamide derivatives (that were recently studied for their ability to 
block androgen-stimulating proliferation of human prostate cancer cells [176]) were 
examined in comparison to the thiol/disulfide pair, cysteine and cystine. The 
N-phenylamide derivatives all contain a disulfide bond, with differing functionalities 
substituted on the benzene ring, as depicted in figure 2.14. 
 
Figure 2.14. Selected thiol and disulfide compounds. Cys: cysteine, CYSS: cystine, 
DLA: dihydrolipoic acid, ALA: α-lipoic acid, PA: N-phenylamide derivatives (R1, 
R2: 1: H, H; 2: NO2, CF3; 3: Cl, H; 4: Cl, CF3; 5: CN, CF3). 
DLA ALA
PA
cysteine cystine
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Figure 2.15: Chemiluminescence intensity of thiols and disulfides with: (a) acidic 
potassium permanganate (2.5 × 10-4 M, 1% polyphosphate, pH 3) and 
(b) manganese(IV) (5 × 10-4 M in 3 M H3PO4). Analytes were injected into a 
deionised water carrier stream, which then merged with either formic acid at pH 2.8 
(for permanganate) or 2 M formaldehyde (for manganese(IV)) prior to entering the 
flow-cell. CYS: cysteine, CYSS: cystine, DLA: dihydrolipoic acid, ALA: α-lipoic 
acid, PA1-PA5: N-phenylamide derivatives (see figure 2.14).  
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With the colloidal manganese(IV) reagent, intense signals were obtained from all 
analytes (figure 2.15b). With acidic potassium permanganate, D-lipoic acid and its 
N-phenylamide derivatives produced signals that were 2- to 5-fold greater than 
cystine, but still considerably lower than the two thiol compounds (figure 2.15a). In 
both cases, the greatest response was produced by dihydrolipoic acid, which contains 
two thiol groups. Only moderate differences were noted between the N-phenylamide 
derivatives, showing that the benzene ring substitutions did not significantly alter the 
signal.  
Limits of detection (3σ) were obtained for D-lipoic acid and dihydrolipoic acid 
using FIA and the two manganese-based reagents, as shown in table 2.1.  
Table 2.1: Limits of detection for α-lipoic acid and dihydrolipoic acid with acidic potassium 
permanganate and manganese(IV). 
Analyte 
Log-Log Calibration 
Function* 
Correlation 
coefficient† 
Limit of Detection 
(3σ) 
Acidic Potassium Permanganate‡ 
α-lipoic acid ݕ ൌ ͳǤ͵Ͷݔ ൅ ͺǤ͸Ͳͻ 0.997 3 × 10-7 M 
dihydrolipoic acid ݕ ൌ ͳǤ͸ͳݔ ൅ ͳͲǤͺ͹Ͷ 0.989 8 × 10-8 M 
Colloidal Manganese(IV) 
α-lipoic acid ݕ ൌ ͲǤͻͶݔ ൅ ͹Ǥ͹Ͷ0 0.999 3 × 10-8 M 
dihydrolipoic acid ݕ ൌ ͲǤͺͺݔ ൅ ͹Ǥ͸ͻ͵ 0.998 2 × 10-8 M 
*Equation for log10[mV] vs. log10[M]
 
†Using 10 standards, average of triplicate injections 
‡ 2.5 × 10-4 M, 1% sodium polyphosphate, pH 3 
A highly linear relationship between peak height and analyte concentration 
(correlation coefficients between 0.989 - 0.999) was observed in each case. The 
relative standard deviations of replicate injections at analyte concentrations of 
1 × 10-6 M with the manganese(IV) reagent and 2.5 × 10-6 M with permanganate 
were between 0.6% and 2.3% (n=3).  As expected, the manganese(IV) reagent 
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afforded superior a limit of detection for α-lipoic acid - an order of magnitude lower 
than that obtained with permanganate. Limits of detection for the thiol containing 
dihydrolipoic acid were more comparable, although the manganese(IV) reagent still 
provided the greatest analytical utility. It should be noted that shortly following the 
completion of these experiments, Wolyniek et al. [118] reported the determination of 
D-lipoic acid based on the chemiluminescence reaction with potassium permanganate 
in an acidic polyphosphate solution. The emission intensity was significantly 
enhanced by formaldehyde, which enabled a limit of detection for D-lipoic acid of 
2 × 10-8 M [118].  
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4. Conclusions 
The ability to select chemiluminescence reagents or tune the reaction conditions to 
target a broad range of compounds or specific chemical classes offers great potential 
for rapid post-column or post-capillary detection systems. Significant selectivity 
towards amino acids containing phenol or thiol groups can be derived from the 
permanganate reagent, whereas the more broadly applicable manganese(IV) reagent 
presents a useful alternative for the detection of multiple analytes (such as indoles, 
phenols, thiols, thioethers and disulfides) that would normally require derivatisation 
and/or other sample pre-treatment. The ‘stabilised’ [Ru(bipy)3]3+  reagent differs 
significantly in its selectivity, with large responses primarily gained from secondary 
amino acids. However, some sulfur containing compounds produced a large response 
under certain reaction conditions. 
Several sets of reagent conditions were also applied to the permanganate reagent, 
which established how the response can be ‘tuned’ to favour different functionalities. 
The recently developed ‘enhanced’ permanganate reagent offered high selectivity 
towards phenolic compounds, whilst thiol detection can be facilitated by a slight 
alteration of the ‘standard’ conditions and the application of a weak formic acid 
enhancer. Finally, this ‘thiol specific’ permanganate reagent and the colloidal 
manganese(IV) reagent were applied to the detection of a series of thiols and 
disulfides including N-phenylamide based derivatives. This further demonstrates the 
utility of the manganese reagents for the determination of these important 
biomolecules. The findings presented in this chapter have resulted in a peer reviewed 
publication [193]. 
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1. Introduction 
In recent years there have been several major developments in acidic potassium 
permanganate chemiluminescence - such as, the confirmation of the emitting species 
[25-27] as well as a greater understanding of the light producing pathway [23]. 
However, despite extensive studies, there are still aspects of the underlying 
molecular processes that remain unclear. For example, ‘enhanced’ permanganate, 
prepared by the preliminary partial reduction of the reagent, has been shown to 
enable the more rapid production of the excited state manganese(II) emitter, due to 
the concomitant presence of both manganese(VII) and manganese(III) [30, 31]; 
however, the mechanisms of several more commonly used enhancers (such as formic 
acid and formaldehyde) are yet to be elucidated [18, 19].  
As demonstrated in the previous chapter, minor alterations in initial reaction 
conditions can result in significant changes to the chemiluminescence emission. As 
research groups commonly employ different starting parameters and instrumental 
configurations, published findings regarding the relationships between analyte 
structure and chemiluminescence intensity are often inconsistent [18, 19]. A better 
understanding of reagent behaviour under varied reaction conditions would help 
clarify such issues, and importantly, would provide crucial information allowing for 
easier ‘tuning’ of the reagent to more specific applications.  
Unlike other detection methods, chemiluminescence signals are inextricably linked 
to reaction kinetics [1-4]. This is, in turn, related to the formation and consumption 
of transient reaction intermediates [1-4]. With acidic potassium permanganate, 
several of these key species can be monitored using UV-visible spectrometry [23, 25, 
194-196]. Whilst the detection of the manganese(II) product is precluded by the spin 
forbidden nature of its five absorbance bands in the UV-visible region [197], other 
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intermediate species present in the solution can be distinguished by focusing on the 
absorption at three key wavelength regions [23, 25, 194-196]. The vibrational coarse 
structure centred around 525 nm is characteristic of manganese(VII) [194]. 
Decreases in this band, accompanied by relatively large increases in the absorbance 
at lower wavelengths (between 250 - 300 nm) indicate the formation of 
manganese(III) complexes [31]. Absorbance due to the presence of manganese(IV) 
species causes a broad absorption band which increases across the visible range - due 
in part to scattering from insoluble nanoparticles [35, 52, 198]. Its formation can be 
monitored at 420 nm, since neither manganese(III) or manganese(VII) absorb at this 
wavelength [23, 25]. 
In this chapter, UV-visible spectrometry was used to monitor the formation of 
reaction intermediates under several different reaction conditions. First, the influence 
of reagent pH was examined over a wide range of acid concentrations. Then the 
effect of enhancers - formic acid and formaldehyde - on the formation of 
intermediates was also investigated. Two flow chemistry based techniques, FIA and 
stopped-flow analysis were also used to complement the spectroscopic data by 
analysing chemiluminescence reactions with three dihydroxybenzene compounds.  
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2. Experimental 
2.1 Chemicals and Reagents 
Deionised water (Continental Water Systems, Victoria, Australia) and analytical 
grade reagents were used unless otherwise stated. Chemicals were obtained from the 
following sources: hydroquinone, potassium oxalate, pyrocatechol, resorcinol, 
sodium polyphosphate (+ 80 mesh), sodium thiosulfate from Sigma-Aldrich (New 
South Wales, Australia); formaldehyde and potassium permanganate from 
Chem-Supply (South Australia, Australia); methanol and sulfuric acid from Merck 
(Victoria, Australia) and formic acid from Hopkin and Williams (Essex, England). 
To prepare the acidic potassium permanganate reagents, solid potassium 
permanganate was dissolved in either deionised water, sulfuric acid, or 1% (m/v) 
sodium polyphosphate solution, as specified.  
Oxalate solutions were prepared in 1 M sulfuric acid. Stock solutions of the 
dihydroxybenzenes (1 × 10-3 M) were dissolved in 100% methanol and diluted to 
working concentrations daily in deionised water.  
2.2 Instrumentation 
2.2.1  UV-visible Spectroscopy 
The UV-visible absorption of reagent solutions was measured using a Cary 300 
Bio UV-Vis Spectrophotometer (Varian Australia, Victoria, Australia) with a 1 cm 
quartz cuvette, a scan rate of 600 nm min-1 and a bandwidth of 1 nm. Spectra were 
recorded over the range 200 - 750 nm.  
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For the spectrophotometric titrations, small volumes of aqueous sodium thiosulfate 
(18.8 × 10-3 M) were added step wise to a continuously stirred 2 L solution of 
potassium permanganate. After each addition, a separate aliquot was removed and 
analysed. 
To monitor absorbance over time, specific volumes of reagent and 
enhancer/analyte were combined in a cuvette immediately prior to recording the first 
spectrum. The absorption was then monitored for a given amount of time, and the 
mixture remained untouched until the experiment's completion.  
2.2.3  Flow Injection Analysis 
The flow injection analysis manifold was constructed from a Gilson Minipuls 3 
peristaltic pump (John Morris Scientific, NSW, Australia) with bridged PVC or 
silicone pump tubing (white/white, 1.02 mm i.d., DKSH, Queensland, Australia), 
PTFE manifold tubing (0.8 mm i.d., Cole-Parmer Instrument Company, Illinois, 
USA) and a six-port injection valve (Vici 04W-0192L Valco Instruments, Texas, 
USA) equipped with a 70 μL sample loop. A custom built flow-cell (a tight coil of 
0.8 mm i.d. PTFE tubing) was mounted flush against an extended range 
photomultiplier tube (Electron Tubes model 9828SB, ETP, NSW, Australia) and 
encased in a light-tight housing. The output signal from the detector was obtained 
using an e-corder 410 data acquisition system (eDAQ, NSW, Australia). 
Initial FIA experiments (without enhancers) were undertaken on a simple 2-line 
manifold. To facilitate the incorporation of the enhancers, 3-line FIA manifolds were 
utilised. Formic acid was incorporated using the manifold depicted in figure 3.1, 
whilst formaldehyde was incorporated using the manifold in figure 3.2. The flow-rate 
was 3.5 mL/min, per line. 
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Figure 3.1: FIA manifold for formic acid enhancement. 
 
Figure 3.2: FIA manifold for formaldehyde enhancement. 
2.2.4  Stopped-Flow Analysis 
Stopped-flow experiments were performed with a manifold consisting of a 
programmable dual syringe pump (Model sp210iw, World Precision Instruments, 
Glen Waverly, Victoria, Australia), Valco six-port injection valve (SGE, Ringwood, 
Victoria, Australia), and GloCel chemiluminescence detector with dual-inlet 
serpentine-channel reaction zone [69] (Global FIA, Fox Island, WA, USA). In this 
dual-inlet configuration, the solutions were merged in front of the photomultiplier 
module (Electron Tubes model P30A-05; ETP, Ermington, NSW, Australia), and 
therefore, the entire chemiluminescence intensity versus time profile was captured. 
The syringes were loaded with deionised water (carrier line) and the permanganate 
reagent (5 × 10-4 M in 1 M sulfuric acid). The carrier line was connected to a 6-port 
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(2-position) valve, equipped with a 70 μL injection loop that was filled with the 
analyte solution (figure 3.3). When the pump was activated, 120 μL of the carrier and 
reagent solutions were dispensed from the syringes (at a flow rate of 10 mL/min per 
line). This propelled the permanganate and analyte solutions into the reaction 
channel (within 0.8 s), where the mixture was held for a set period of time. The 
output signal from the photomultiplier module was recorded via an e-corder 410 data 
acquisition module (eDAQ, NSW, Australia), using Chart v5 software (eDAQ), with 
20 measurements per second. Longitudinal dispersion of the permanganate solution 
zone was minimised using the shortest possible length of tubing between the valve 
and detector. This approach (inserting a small volume of analyte solution into a 
carrier stream, rather than dispensing an analyte stream from the syringe pump) 
enabled convenient changing of analyte solutions and thorough flushing of the 
detector between the collection of each reaction profile. Analytes were prepared 
either in deionised water or the enhancer solutions. 
 
Figure 3.3: Stopped flow manifold. 
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3. Results and Discussion 
3.1 Effect of Reagent pH 
The acidic potassium permanganate reagent, as its name implies, elicits 
chemiluminescence from reactions with various analytes in a low pH 
environment [18, 19]. Whilst several acids are suitable for pH adjustment, sulfuric 
acid is most commonly employed, with a wide range of concentrations being 
reported (between 0.1 and 2 M). Acid concentration is also typically lower in 
reagents which incorporate a sodium polyphosphate enhancer [18, 19]. As seen in the 
previous chapter, small changes in pH can have a significant effect on 
chemiluminescence emissions. Therefore, the formation of key reaction 
intermediates was monitored over a wide pH range using spectrophotometric 
titrations. This was accomplished by sequentially adding small amounts of a 
reducing agent (sodium thiosulfate) to the reagents in between UV-visible 
absorbance scans. 
When aqueous sodium thiosulfate is added to a solution of potassium 
permanganate at near neutral pH, a brown, transparent manganese(IV) colloid is 
formed — as has been previously described by Perez-Benito et al. [52] (Equation 
3.1).  
      8MnO4‾(aq) + 3S2O32-(aq) + 2H+(aq)   →  8MnO2(s) + 6SO42-(aq)  + H2O(l)         (3.1) 
The vibrational coarse structure of manganese(VII) begins to disappear from the 
absorption spectra, forming the broad featureless manganese(IV) band [35, 52], with 
isosbestic points at approximately 520 nm and 577 nm (figure 3.4).  
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Figure 3.4: Spectrophotometric examination of manganese(III) and manganese(IV) 
formation. UV-Visible absorption titration of 2 L potassium permanganate (5 × 10-4 
M) prepared in deionised water (pH 6.4) and 4 mL aliquots of sodium thiosulfate 
(18.8 × 10-3 M). The first recorded spectrum is shown in red.  
In reactions with permanganate solutions containing sulfuric acid at concentrations 
below 1 M, manganese(IV) formation was also clearly evident (figure 3.5). Initial 
additions of thiosulfate resulted in a colour change from deep pink to red-brown, 
before the yellow-brown colour typical of the manganese(IV) colloid was observed. 
Whilst reaction with the neutral solution formed a stable colloid, at acid 
concentrations between 1 × 10-4 M and 0.1 M, flocculation of insoluble manganese 
dioxide occurred. As the pH of the solutions was decreased, the increases in 
absorption at 275 nm and 420 nm became less dramatic (figure 3.5c-d). The 
vibrational coarse structure of manganese(VII) remained until the point of 
flocculation, whilst the previously observed isosbestic points were not maintained 
(figure 3.5a-d). This indicates the presence of both manganese(III) and 
manganese(IV) intermediates in these solutions. The particle size of the floc also 
became visibly finer with increasing acidity. 
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Figure 3.5: Spectrophotometric examination of manganese(III) and manganese(IV) formation.
UV-Visible absorption titrations of 2 L potassium permanganate (5 × 10-4 M) and 4 mL aliquots 
of sodium thiosulfate (18.8 × 10-3 M), with the permanganate prepared in: (a) 1 × 10-4 M H2SO4 
(pH 3.4); (b) 1 × 10-3 M H2SO4 (pH 2.6); (c) 0.01 M H2SO4 (pH 1.8); and (d) 0.1 M H2SO4 (pH 
1.0). The first recorded spectra are shown in red. Only spectra obtained up to the significant 
flocculation of particles are shown.  
When permanganate was prepared in more concentrated acid ( 1 M), the spectra 
showed little to no increase in absorbance at 420 nm, indicating that these conditions 
prevent manganese(IV) formation. Instead, the structured bands of permanganate 
decreased (above an isosbestic point at 292 nm) accompanied by an increase in 
absorption at lower wavelengths (~275 nm) - characteristic of manganese(III) 
formation (figure 3.6a-b). Accordingly, the colour of the solution simply faded to a 
paler pink (with no particulate formation), eventually becoming clear as the 
permanganate was consumed. 
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Figure 3.6: Spectrophotometric examination of manganese(III) and manganese(IV) formation.
UV-Visible absorption titrations of 2 L potassium permanganate (5 × 10-4 M) and 4 mL 
aliquots of sodium thiosulfate (18.8 × 10-3 M), with the permanganate prepared in: (a) 1 M 
H2SO4 and (b) 2 M H2SO4. The first recorded spectra are shown in red.  
This demonstrates that the high acid concentrations frequently used in 
chemiluminescence reactions with permanganate are, in part, required to prevent the 
formation of insoluble manganese dioxide, and to promote the formation of the key 
manganese(III) intermediate species known to be crucial to the kinetics of these 
reactions. 
3.1.1  Effect of pH in the Presence of Sodium Polyphosphates 
The spectrophotometric titrations of permanganate in higher acid concentrations 
( 1 M) appeared similar to spectra obtained with permanganate containing a sodium 
polyphosphate enhancer [31]. As previously mentioned, it has recently been shown 
that the enhancement gained from the addition of sodium polyphosphates to a 
permanganate solution results is due, in part, to stabilisation of the manganese(III) 
intermediate [23]. Spectrophotometric titrations (with sodium thiosulfate) were 
performed on permanganate solutions at different acid concentrations, both with and 
without the addition of polyphosphates. 
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Figure 3.7: Spectrophotometric examination of manganese(III) and manganese(IV) formation.
UV-Visible absorption titrations of 2 L potassium permanganate (5 × 10-4 M) and 2 mL 
aliquots of sodium thiosulfate (18.8 × 10-3 M), with the permanganate prepared in: (a and b) 
deionised water (pH 6.4); (c and d) 1 × 10-4 M H2SO4 (pH 3.4); (e and f) 1 M H2SO4 - and 
containing either no polyphosphates (a, c, d) or 1% polyphosphates (b, d, f). The first recorded 
spectra are shown in red. The blue trace in (c) shows the point of flocculation. 
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As can be seen in figure 3.7 (b, d and f), changing the pH of the solution had little 
effect on the UV-visible spectra of reagents containing polyphosphates. When the 
polyphosphate enhancer was included in the solution, a much lower concentration of 
acid was required to stabilise the key reaction intermediates. Even under neutral 
conditions, sodium polyphosphate was able to impede the formation of 
manganese(IV), whilst stabilising manganese(III), although, towards the end of the 
titration a very small increase at 420 nm was observed, indicating that a minor 
amount of manganese(IV) was formed (figure 3.7b) 
The similarity of these spectra demonstrates that the higher acid concentrations 
required in chemiluminescence reactions with permanganate (in the absence of 
polyphosphates) are due to the need to stabilise the manganese(III) complex whilst 
preventing manganese(IV) formation. The addition of sodium polyphosphates to 
reagent solutions achieved this effect with a much lower acid concentration, whilst 
also protecting the manganese(II) emitting species from non-radiative transitions 
[23]. It is important to note however, that small changes in reagent pH can still affect 
the chemiluminescence signal, even when polyphosphates are utilised.  
3.2 Effect of Enhancers: Formic Acid and Formaldehyde 
The effect of formic acid and formaldehyde enhancers on permanganate 
chemiluminescence was investigated using three dihydroxybenzenes as model 
compounds. Acidic potassium permanganate is known to be particularly effective for 
the detection of phenols possessing additional hydroxyl, alkoxyl or amino moieties 
[18, 19]. The three parent dihydroxybenzene isomers - pyrocatechol, hydroquinone 
and resorcinol (figure 3.8) - are positional isomers which have been shown to 
produce varying chemiluminescence intensities upon reaction with the permanganate 
reagent [143, 145, 147-150]. 
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Figure 3.8: Structures of the parent dihydroxybenzenes: meta (resorcinol), para 
(hydroquinone) and ortho (pyrocatechol). 
When members of our research group examined these analytes using permanganate 
(1 × 10-3 M, pH 2.5) containing 1% sodium polyphosphate, they found that signals 
increased in the order meta < ortho < para, with the response for resorcinol being 
considerably weaker than for hydroquinone and pyrocatechol [199]. However, when 
the ‘enhanced’ reagent (containing a greater pool of manganese(III)) was used, 
resorcinol (the meta substituted compound) experienced a greater level of 
enhancement - altering the order of intensities (ortho < meta < para) and producing 
relatively similar signals for all three isomers [199]. Further analysis, via the use of 
stopped-flow revealed that this effect resulted from a dramatic increase in the rate of 
reaction with resorcinol, which is usually much slower than the other two isomers 
[199].   
Therefore, in this section formic acid and formaldehyde were applied to reactions 
with these compounds, to determine if their enhancement was also due to the rapid in 
situ formation of manganese(III).  
3.2.1  Flow Injection Analysis 
Reactions between permanganate and the dihydroxybenzenes have previously been 
conducted using reagents in highly acidic solution (containing no polyphosphate), 
and at a wide range of permanganate concentrations [143, 145, 147-150]. 
Consequently, flow injection analysis was initially used to optimise the reagent 
hydroquinoneresorcinol pyrocatechol
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concentration - comparing those previously reported, as well as a reagent containing 
a polyphosphate enhancer. 
Table 3.1: Chemiluminescence intensities obtained for the dihydroxybenzenes with several acidic 
potassium permanganate reagents and FIA methodology. 
Reagent Conditions  Chemiluminescence Intensity (mV)† 
Concentration 
(M) 
Prepared in:  resorcinol hydroquinone pyrocatechol 
5 × 10-4 1 M sulfuric acid  20 147 111 
1 × 10-3 1 M sulfuric acid  19 92 63 
2 × 10-2 1 M sulfuric acid  4.1 6.2 5.3 
1 × 10-3 1% polyphosphates*  0.85 183 66 
* adjusted to pH 2.5 with sulfuric acid 
†Average of 3 injections, RSD%'s < 4% 
As can be seen in table 3.1, when comparing the reagents prepared in highly acidic 
conditions, the dihydroxybenzene compounds produced greater chemiluminescence 
emissions with the lowest reagent concentration tested (5 × 10-4 M). Using a very 
high reagent concentration (as employed by Gómez-Taylor Corominas et al. [145]) 
dramatically decreased the signal. Altering the reagent concentration did not affect 
the order of chemiluminescence intensities (which was meta < ortho < para), 
however the observed difference between the three positional isomers became 
noticeably less as reagent concentration increased. Although the signal for 
hydroquinone (the para substituted compound) was greatest with the reagent 
containing polyphosphate, the other two compounds (particularly resorcinol) 
produced smaller signals than with the 5 × 10-4 M acidic permanganate.  
Therefore, the reagent providing the greatest overall intensities (5 × 10-4 M 
permanganate in 1 M sulfuric acid), was combined with a formic acid enhancer and a 
formaldehyde enhancer using FIA methodology. Formic acid has previously been 
applied to the detection of these compounds by Fan et al., who noted that an increase 
in signal was only observed when the reagent and enhancer solutions were allowed to 
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merge prior to reacting with the analyte [143]. Consequently, formic acid was 
merged with the reagent prior to entering the flow-cell, whilst formaldehyde was 
merged with the carrier stream (see figure 3.1 - 3.2). 
Table 3.2: Chemiluminescence intensities obtained with 5 × 10-4 M acidic potassium 
permanganate (in 1 M H2SO4) using FIA methodology. 
  Chemiluminescence Intensity (mV)† 
Enhancer  resorcinol hydroquinone pyrocatechol 
-  20 147 111 
formic acid (16%)  136 2206 1456 
formaldehyde (1 M)  1268 7206 4527 
 †Average of 3 injections, RSD%'s < 1.5% 
As can be seen in table 3.2, both formic acid and formaldehyde were able to 
significantly enhance the chemiluminescence emissions from the three compounds, 
with formaldehyde providing the greatest signal intensities. Interestingly, 
formaldehyde provided a superior level of enhancement with resorcinol (meta: 
63-fold, ortho: 41-fold, para: 39-fold), whilst formic acid afforded more 
enhancement to the ortho and para substituted compounds (meta: 7-fold, ortho: 13-
fold, para: 15-fold). Although the response of each analyte was enhanced, there 
remained a marked difference between the signals of the three isomers (which still 
increased in the order meta < ortho < para) - contrasting the similar signals reported 
using the partially reduced ‘enhanced’ reagent [199]. 
3.2.3  UV-visible Spectrometry 
UV-visible spectroscopy was used to establish whether manganese(III) formation 
occurs during the reactions of formic acid and formaldehyde with acidic potassium 
permanganate. Reagent and enhancer solutions were mixed in a cuvette immediately 
prior to beginning analysis, and the reaction monitored for 30 minutes. 
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Figure 3.9: Absorption spectra (left) and absorbance (at key wavelengths) versus time plots 
(right) for the addition of (a) 1 mL formic acid (16%) or (b) 1 mL formaldehyde (0.1 M), to 
2 mL of potassium permanganate (5 × 10-4 M in 1 M H2SO4). Spectra were collected every 
minute for 30 minutes. The first recorded spectrum is shown in red. Sodium polyphosphate 
was not added to these solutions. 
Examining the absorption of permanganate (5 × 10-4 M in 1 M sulfuric acid) over 
time following addition of these enhancers showed the slow consumption of 
permanganate to form the predicted manganese(III) intermediate, with no indication 
of manganese(IV) formation (figure 3.9). Interestingly, addition of a 1 M 
formaldehyde solution (within the range of concentrations used by previous studies) 
resulted in the disappearance of the characteristic absorption of the oxidant within 
the time required to collect the first two spectra. Using a lower concentration slowed 
the reaction enough to be captured (figure 3.9b), but the absorbance at 525 nm still 
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decreased faster than with 16% formic acid (figure 3.9a). The slower kinetics of the 
reaction with formic acid may account for the ‘induction’ period reported by 
Fan et al. [143], to allow for an adequate amount of manganese(III) to form prior to 
reaction with the analyte. 
 Despite consuming manganese(VII) more rapidly, the band at 275 nm (pertaining 
to manganese(III)) also persisted longer with formaldehyde than with formic acid. 
This appears to significantly affect the chemiluminescence signal, given that 
formaldehyde typically affords greater enhancement factors than formic acid [18, 
19].  
3.2.2  Stopped-flow Analysis 
Chemiluminescence reactions are transient in nature, with the intensity of light 
emitted increasing to a maximum, before decaying as reagents are consumed [1, 3-5, 
7, 9]. In flow injection analysis, the plug of reacting mixture flows through the cell, 
and thus only part of the total emission is captured by the photodetector [67, 68]. 
Previously, it has been found that reagents containing greater pools of the 
manganese(III) intermediate catalyse the overall rate of the chemiluminescence 
reaction, thereby allowing a greater proportion of light to be captured by the PMT. 
In order to determine if the enhancement of permanganate by formic acid and 
formaldehyde is related to the reaction kinetics, a stopped-flow technique was used. 
In this, the reagents are propelled by syringe pumps into the flow-cell, and the flow 
stopped as soon as mixing occurs [3, 74-77]. This allows the entire reaction to be 
recorded - producing an intensity vs. time profile which provides great insight into 
the kinetics of the chemical reaction [3, 74-77]. 
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Figure 3.10: Chemiluminescence intensity versus time profiles for 
dihydroxybenzenes with potassium permanganate (5 × 10-4 M in 1 M H2SO4), with 
each dihydroxybenzene prepared in (a) water, (b) 16% formic acid, and (c) 1 M 
formaldehyde. Isomers: pyrocatechol (purple traces), resorcinol (teal traces), 
hydroquinone (pink traces). Dark blue lines show the blank reaction of permanganate 
with formic acid or formaldehyde solution without a dihydroxybenzene. 
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Monitoring the reaction of permanganate (5 × 10-4 M in 1 M sulfuric acid) with the 
dihydroxybenzene compounds, the meta substituted resorcinol reached an emission 
maximum at 2.6 seconds, whilst the ortho and para compounds both reached their 
maxima more quickly (~1 s) (figure 3.10a). Although this may contribute to the 
lower signal observed with resorcinol, the difference in kinetics is relatively minor 
compared to those reported when polyphosphates are included (maximum emission 
for resorcinol at ~20 s) [199].  
When formic acid was included, the rate of the reaction for resorcinol increased 
(maximum at 1.7 seconds), and a similar result was seen with formaldehyde 
(maximum at 1.8 seconds). Conversely, very little change was seen in the kinetics of 
the reactions with the ortho and para substituted compounds, with either enhancer, 
despite significant increases to the overall intensities (figure 3.10b-c). 
As can be seen in both the FIA and stopped-flow results, all three compounds 
undergo significant enhancement with both formaldehyde and formic acid. It seems 
therefore, that whilst increases in reaction rate certainly contribute, they are not 
solely responsible for the large increases in emission intensity. This is significantly 
different to the ‘enhanced’ reagent prepared by preliminary partial reduction of 
manganese(VII) to manganese(III), in which faster reaction kinetics are the major 
cause of the observed signal enhancement [30, 31]. 
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4. Conclusions 
Spectroscopic interrogation of reaction intermediates at different reagent pH’s 
showed that in the presence of concentrated acid the key manganese(III) intermediate 
is stabilised preventing the accumulation of insoluble manganese(IV) oxides. Given 
that particle flocculation can cause problems with flow-chemistry instrumentation, it 
is useful to know the pH threshold at which this can be avoided. Permanganate 
solutions prepared in sodium polyphosphates behaved in a similar manner to those 
prepared in highly acidic conditions (> 1 M). These solutions have the added benefit 
of physically protecting the excited state species via the formation of ‘cage-like’ 
structures. 
The effect of formic acid and formaldehyde on permanganate chemiluminescence 
was also investigated. The enhancers significantly increased signals with the three 
dihydroxybenzene analytes, but did not significantly alter the relative intensities of 
each analyte. Whilst the UV-visible spectra did indicate that manganese(III) is 
formed as the result of reacting enhancer and reagent solutions, the increase in the 
rate of reaction with dihydroxybenzenes was not sufficient to account for the 
considerable increases in chemiluminescence intensity. This implies that whilst 
manganese(III) formation does play a role, that it is not solely responsible for the 
enhancement. The findings presented in this chapter were included in two peer 
reviewed publications [199, 200]. 
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1. Introduction 
Preparation of the colloidal manganese(IV) reagent is based on the method of 
Jáky et al. [34, 37], involving the slow dissolution of freshly precipitated manganese 
dioxide (formed by the reduction of acidic potassium permanganate with excess 
sodium formate) in 3 M orthophosphoric acid to yield a transparent brown colloidal 
suspension. The process requires numerous steps (including filtration, sonication, 
heating, cooling, titration and dilution [39]) which makes same-day analysis 
impractical. In addition, the reagent generally requires a formaldehyde enhancer in 
order to obtain analytically useful chemiluminescence signals [20, 40]. This enhancer 
is undesirable due to its classification as a carcinogen [65], but to-date no other 
compounds have been found to provide the same increase in sensitivity for most 
analytes [20]. 
As mentioned in chapters 1 and 3, an alternative method of preparing colloidal 
manganese(IV) was described by Perez-Benito et al. [52], in which potassium 
permanganate is simply reduced by sodium thiosulfate (Na2S2O3) under neutral 
conditions according to equation 4.1:  
      8MnO4‾(aq) + 3S2O32-(aq) + 2H+(aq)   →  8MnO2(s) + 6SO42-(aq)  + H2O(l)         (4.1) 
Manganese(IV) sols prepared in this manner have been used to investigate the 
kinetics of oxidation reactions with various organic compounds (such as formic acid 
[53], lactic acid [56], oxalic acid [54] and L-tryptophan [59]). In a doctoral thesis on 
the application of manganese-based chemiluminescence reagents to detect food 
components, Agater demonstrated that the reaction of glucose or fructose with this 
manganese(IV) sol produced sufficient light to detect the sugars over the range of 
5 × 10-4 M to 0.1 M [201]. Flow injection analysis methodology was used to inject 
the analyte into an acidic carrier solution that merged with the manganese(IV) 
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colloid. The emission from these reactions was found to have the same spectral 
distribution as those of related chemiluminescence reactions with permanganate 
[201]. 
In similar, more recent studies, Du and Wang applied this manganese(IV) colloid 
to the chemiluminescence determination of ascorbic acid [63], perphenazine and 
chlorpromazine [64], using flow injection analysis methodology to acidify the colloid 
and then merge it with analyte and enhancer solutions. In spite of the substantial 
evidence for a manganese(II) emitter formed in many closely related reactions with 
potassium permanganate [26, 27] and the ‘conventional’ manganese(IV) colloidal 
reagent [20, 25], these authors ascribed the emission to the generation of singlet 
molecular oxygen [63, 64].  
This chapter describes the on-line generation of colloidal manganese(IV) for 
chemiluminescence detection in flow injection analysis and high-performance liquid 
chromatography. This approach enabled the convenient manipulation of reaction 
conditions, which were found to significantly influence the selectivity of the reagent. 
Spectroscopic evidence regarding the nature of the emitting species is also presented. 
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2. Experimental 
2.1. Chemicals and Reagents 
Deionised water (Continental Water Systems, Victoria, Australia) and analytical 
grade reagents were used unless otherwise stated. Chemicals were obtained from the 
following sources: epinephrine hydrochloride, gallic acid, ofloxacin, papaverine 
hydrochloride, sodium formate, sodium polyphosphate (+80 mesh), synephrine, 
thiosemicarbazide, trifluoroacetic acid, L-tryptophan and L-tyrosine from 
Sigma-Aldrich (New South Wales, Australia); formaldehyde (37% w/w), 
orthophosphoric acid (85% w/w) and potassium permanganate from Chem-Supply 
(South Australia, Australia); cocaine hydrochloride, codeine, morphine, noscapine, 
oripavine and thebaine from GlaxoSmithKline (Victoria, Australia); aqueous soluble 
starch, manganese(II) sulfate monohydrate and vanillin from Ajax Finechem (New 
South Wales, Australia); ascorbic acid and caffeine from BDH (Poole, England); 
methanol and sulfuric acid from Merck (Victoria, Australia) and salbutamol 
hemisulfate from Fluka (New South Wales, Australia). Stock solutions of analytes 
(1 × 10-3 M) were prepared in deionised water. Sulfuric acid (~10 drops in 250 mL) 
was added to the solutions of codeine, epinephrine, morphine, noscapine, oripavine 
and thebaine to aid dissolution. The stock solutions were diluted daily with deionised 
water to obtain working concentrations. 
The conventional colloidal manganese(IV) reagent was prepared as previously 
described [38, 39], based on the method of Jáky and co-workers [34, 37]. Freshly 
precipitated manganese dioxide, obtained via the reduction of potassium 
permanganate with excess sodium formate was collected by vacuum filtration and 
washed with deionised water. Subsequently, 0.6 g of the wet material was added to 
500 mL of orthophosphoric acid (3 M) and sonicated for 30 min. The colloid was 
CHAPTER FOUR 
75 
 
heated at 80 ˚C for 1 h, cooled to room temperature and the concentration determined 
by iodometric titration [177]. The stock manganese(IV) reagent was diluted daily to 
the required concentration (5 × 10-4 M) using orthophosphoric acid (3 M). 
In initial experiments, the alternative colloidal manganese(IV) reagent (5 × 10-4 M) 
was prepared as described by Perez-Benito and co-workers [52]. Solutions of 
potassium permanganate (0.1 M, 1.25 mL) and sodium thiosulfate (1.88 × 10-2 M, 
2.5 mL) were added to deionised water with stirring, and the mixture diluted to 
250 mL. 
For comparison of reagent selectivity, the acidic potassium permanganate reagent 
was prepared by dissolving the oxidant (1 × 10-3 M) in a solution of 1% (m/v) 
sodium polyphosphate before adjusting to pH 2.5 by dropwise addition of sulfuric 
acid. 
2.2. Instrumentation 
2.2.1  Flow Injection Analysis 
The flow injection analysis manifolds (figure 4.1) were constructed from a Gilson 
Minipuls 3 peristaltic pump (John Morris Scientific, NSW, Australia) with bridged 
PVC pump tubing (white/white, 1.02 mm i.d., DKSH, Queensland, Australia), PTFE 
manifold tubing (0.8 mm i.d., Cole-Parmer Instrument Company, Illinois, USA) and 
a six-port injection valve (Vici 04W-0192L Valco Instruments, Texas, USA) 
equipped with a 70 μL sample loop. A custom built flow-cell (a tight coil of 0.8 mm 
i.d. PTFE tubing) was mounted flush against an extended range photomultiplier tube 
(Electron Tubes model 9828SB, ETP, New South Wales, Australia) and encased in a 
light-tight housing. The output signal from the detector was obtained using an 
e-corder 410 data acquisition system (eDAQ, New South Wales, Australia). 
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Following analysis each day, the lines were flushed with a solution of manganese(II) 
sulfate in 3 M orthophosphoric acid and then with deionised water to remove any 
residual manganese(IV) from the manifold. 
 
Figure 4.1: FIA manifolds. 
2.2.2  High Performance Liquid Chromatography 
Chromatographic separations were carried out on an Agilent Technologies 1200 
series liquid chromatography system, equipped with a quaternary pump, solvent 
degasser system and autosampler (Agilent Technologies, Victoria, Australia), using a 
reversed phase Hypersil GOLD column (100 mm × 4.6 mm i.d., 5 μm; ThermoFisher 
Scientific, Cheshire, United Kingdom), with an injection volume of 20 μL and flow 
rate of 2.5 mL/min. An analogue to digital interface box (Agilent Technologies) was 
used to convert the signal from the chemiluminescence detector. Before use in the 
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HPLC system, all solutions and solvents were filtered through a 0.45 μm nylon 
membrane. Opiate standards were separated by gradient elution with deionised water 
adjusted to pH 2.5 with trifluoroacetic acid (solvent A) and methanol (solvent B) as 
follows: 0-1 min: 5-10% B, 1-2 min: 10-25% B, 2-6 min 25-35% B, 6-6.5 min: 35% 
B, 6.5-8 min: 35-5% B, 8-9 min: 5% B. 
The post-column chemiluminescence detection was performed in a similar manner 
to that shown in figure 4.1b, with the column eluate stream in place of the 
injection/carrier line. In this system, a GloCel chemiluminescence detector (Global 
FIA, WA, USA) with dual-inlet serpentine flow-cell [69] and extended-range 
photomultiplier module (Electron Tubes model P30A-05; ETP) was used. 
2.2.3  Chemiluminescence Spectra 
A Cary Eclipse fluorescence spectrophotometer (Varian, Mulgrave, Victoria, 
Australia) equipped with R928 photomultiplier tube (Hamamatsu, Japan) was 
operated in bio/chemiluminescence mode to collect chemiluminescence spectra. 
Two-line (enhanced acidic potassium permanganate) or three-line (conventional 
manganese(IV)) flow manifolds were used to continuously merge the analyte 
(1 × 10-5 M morphine (permanganate detection) or codeine (manganese(IV) 
detection)) and reagent solutions at a confluence point located just prior to the 
entrance of a coiled PTFE flow-cell (200 μL, 0.8 mm i.d.) that was mounted against 
the emission window of the spectrophotometer. Spectra were obtained for the 
manganese(IV) reagent generated on-line using the manifold depicted in figure 4.1b, 
with the carrier replaced with a continuously flowing analyte stream (morphine 
1 × 10-5 M). Final spectra were an average of 25 scans (1 s gate time; 1 nm data 
interval; 20 nm band-pass; PMT, 800 V) and corrected as previously described [202]. 
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3. Results and Discussion 
3.1 Preliminary Investigations 
The chemiluminescence behaviour of the manganese(IV) colloid prepared 
(‘off-line’) by the method of Perez-Benito et al. [52] was initially assessed using 
morphine and codeine as model analytes. Previous studies have shown that 
morphine, which possesses a phenolic morphinan backbone (figure 4.2), produces an 
intense emission with acidic potassium permanganate, whilst its non-phenolic (C3 
methoxy) analogue, codeine, gives a relative response of only 0.5% [164]. In 
contrast, the signal for codeine with the colloidal manganese(IV) reagent prepared by 
the procedure of Jáky et al. [34, 37] was found to be approximately double that 
obtained for morphine [38, 40]. Using flow injection analysis methodology, 
chemiluminescence responses were observed from both analytes upon reaction with 
the alternative manganese(IV) colloid, but the day-to-day reproducibility was poor. 
This presumably arises from slight variation in remaining MnO4- or S2O32- after each 
preparation of the colloid, as both of these species would be expected to have a 
significant impact on the subsequent chemiluminescence reaction with these 
analytes [31]. 
 
Figure 4.2: Structures of morphine and codeine. 
morphine codeine
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3.1.1  On-line method development 
Initial attempts to improve the reproducibility by modifying the ‘off-line’ method 
of preparation had little success, and therefore an ‘on-line’ procedure was developed, 
in which solutions of potassium permanganate and sodium thiosulfate were merged 
at a confluence point located at the entrance of a short reaction coil (figure 4.1a). 
Using this approach, the ratio of the reactant solutions and the reaction time could be 
precisely controlled by the flow rate of each line and the length of the reaction coil. 
The reduction of MnO4- by S2O32- was visually observed as a change in the colour of 
the solution within the coil from pink to the characteristic yellow/brown of the 
manganese(IV) colloid. The influence of reaction coil length on the 
chemiluminescence response was investigated and a 2 m coil was found to offer the 
best balance between intensity and reproducibility (figure 4.3). 
 
Figure 4.3: Effect of mixing coil length on chemiluminescence intensity with codeine 
(teal triangles) and morphine (purple circles) (both 1 × 10-5 M) using a manganese(IV) 
reagent (5 × 10-4 M) generated on-line. RSDs for codeine: 1 m coil = 2.06%; 2 m coil = 
0.46%; 3 m coil = 0.24%. RSDs for morphine: 1 m coil = 7.11% 2 m coil = 0.47%; 3 m 
coil = 0.18%.  
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Previous investigations have shown that acidic conditions are normally required to 
obtain the greatest chemiluminescence intensities from manganese-based reagents 
[18, 20]. Acidification of the analyte and/or carrier solution resulted in a significant 
increase in not only the analyte response, but also the blank or background signals. 
Acidification of potassium permanganate prior to reduction with sodium thiosulfate 
either promotes rapid flocculation of insoluble manganese(IV) oxides, or prevents 
the formation of soluble and insoluble manganese(IV) species by stabilisation of 
manganese(III), depending on acid concentration as seen in chapter 3 [199]. The 
addition of acid after the reduction of permanganate can also destabilise the colloid, 
resulting in slow flocculation and precipitation of manganese(IV), or reduction of 
manganese(IV) if excess sodium thiosulfate is present [56]. If prepared ‘off-line’, 
these slow changes in reagent properties are detrimental for analysis, but the on-line 
acidification of the colloid (figure 4.1b) enables this reagent to be prepared and used 
within a short, precisely controlled period of time. 
Parameters known to be influential on manganese(IV) chemiluminescence (flow 
rate, and reagent and acid concentrations) [20] were investigated using three opiate 
alkaloids: codeine, morphine and noscapine (an isoquinoline based opiate, 
figure 4.9). In this study, five reagent concentrations, three acid concentrations and 
three flow rates were examined under each possible combination of parameters - 
resulting in 45 unique sets of reaction conditions for each analyte. Results are 
displayed in figures 4.4, 4.5 and 4.6. 
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Figure 4.4: Optimisation of reaction parameters for codeine (1 × 10-5 M), 
presented as a function of orthophosphoric acid concentration (a) 0.5 M, (b) 
1.0 M, (c) 1.5 M. Teal triangles: 1 mL/min, purple circles: 3.6 mL/min, 
pink squares: 7 mL/min. Concentration values indicate the concentration 
after dilution (1:1) in the second reaction coil (as depicted in figure 4.1b). 
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Figure 4.5: Optimisation of reaction parameters for morphine (1 × 10-5 M), 
presented as a function of orthophosphoric acid concentration (a) 0.5 M, (b) 
1.0 M, (c) 1.5 M. Teal triangles: 1 mL/min, purple circles: 3.6 mL/min, pink 
squares: 7 mL/min. Concentration values indicate the concentration after 
dilution (1:1) in the second reaction coil (as depicted in figure 4.1b). 
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Figure 4.6: Optimisation of reaction parameters for noscapine (1 × 10-5 M), 
presented as a function of orthophosphoric acid concentration (a) 0.5 M, (b) 
1.0 M, (c) 1.5 M. Teal triangles: 1 mL/min, purple circles: 3.6 mL/min, 
pink squares: 7 mL/min. Concentration values indicate the concentration 
after dilution (1:1) in the second reaction coil (as depicted in figure 4.1b). 
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Optimal conditions were found to be highly analyte-dependent, but some general 
trends were noted. For example, signals were improved for all analytes when the 
carrier was propelled at a relatively fast flow rate (3.6 mL/min, data not shown). The 
combination of a high total reagent flow rate and high acid concentration 
significantly improved the response from codeine (figure 4.4), whilst reagent 
concentration was found to be the most critical parameter for morphine (figure 4.5). 
The aforementioned parameters appeared to have a negligible influence on the 
chemiluminescence signal for noscapine over the investigated ranges (figure 4.6). 
The molar ratio of sodium thiosulfate to potassium permanganate that resulted in 
the greatest chemiluminescence intensities was generally close but not identical to 
the stoichiometric ratio (0.375) indicated in equation 4.1 (figure 4.7). This is not 
surprising, considering that the direct reaction of compounds with permanganate 
evokes intense chemiluminescence [18, 19], and sodium thiosulfate has previously 
been used as an enhancer, promoting the rapid formation of the manganese(III) 
precursor to the emitter species [31]. Overall, the stoichiometric ratio was found to 
be a suitable compromise between optima. At this ratio for reagent preparation, the 
most appropriate conditions for each analyte are shown in table 4.1. 
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Figure 4.7: The influence of the thiosulfate/permanganate ratio used to generate the 
manganese(IV) colloid on chemiluminescence intensity for the reaction with codeine. 
Sodium thiosulfate (7.5 × 10-5 M) and potassium permanganate (2 × 10-4 M) were 
merged at different relative flow-rates (with a consistent total flow rate of 
0.36 mL/min) and then combined with 3 M orthophosphoric acid (0.36 mL/min) prior 
to the final confluence point.  
Table 4.1: Optimum reaction conditions. 
Analyte 
Concentration (M)a  Flow rate (mL/min) 
Manganese(IV) Acid  Reagentsb Carrier 
Codeine 5.0 × 10-5 1.5  7.0 3.6 
Morphine 5.0 × 10-5 0.5  1.0 3.6 
Noscapine 2.5 × 10-4 0.5  1.0 3.6 
a Following dilution (1:1) in the second reaction coil. 
b The total flow rate of the three reagent lines was altered whilst keeping the volumetric ratios 
of the permanganate, thiosulfate and acid solutions constant (1:1:2). 
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3.2 Enhancement and Limits of Detection 
Formaldehyde has been used as an enhancer in almost all applications of colloidal 
manganese(IV) chemiluminescence (using the reagent based on the procedure of 
Jáky and co-workers [34, 37]), and has been shown to increase the emission intensity 
by over two orders of magnitude [20]. Formaldehyde was also used by Du and Hong 
to enhance the chemiluminescence detection of perphenazine and chlorpromazine 
[64] with the manganese(IV) colloid that they prepared by the method of Perez-
Benito and co-workers [52]. The enhancing effect of formaldehyde on 
manganese(IV) chemiluminescence was compared using both reagent preparation 
approaches. In the case of the more ‘conventional’ acidic colloidal manganese(IV) 
reagent [20], the analyte was injected into a deionised water carrier stream that 
merged with a stream of 2 M formaldehyde (or deionised water) at a T-piece located 
60 cm from the final confluence point. In accordance with previous observations, a 
significant increase in signal intensity was obtained (figure 4.8). In the case of the 
manganese(IV) reagent that was prepared and acidified on-line, the manifold shown 
in figure 4.1b was used, with 1 M formaldehyde added to the analyte and carrier 
solutions. In contrast to the above results, a large signal was obtained without using 
the enhancer, but a relatively small improvement in the chemiluminescence signal 
was obtained when the enhancer was added (figure 4.8).  
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Figure 4.8: Effect of formaldehyde (1 M) on the reactions of both ‘on-line’ and 
'conventional' manganese(IV) with codeine (1 × 10-5 M). Teal columns: no enhancer, 
purple columns: 1 M formaldehyde. 
Similarly, limits of detection (3V) obtained for the three opiate alkaloids using this 
reagent system were much better than those obtained using the conventional 
manganese(IV) reagent, but poorer than those obtained using the conventional 
reagent with a formaldehyde enhancer (table 4.2).  
Table 4.2:  Limits of detection for opiate alkaloids using manganese(IV) reagents. 
 Limits of Detection (3σ) 
Analyte 
On-line 
generation of 
manganese(IV)* 
Conventional 
manganese(IV) 
Conventional 
manganese(IV) 
with 
formaldehyde 
Codeine 7.7 × 10-8 M 2.4 × 10-6 M 5.5 × 10-8 M 
Morphine 1.0 × 10-7 M 3.4 × 10-6 M 8.4 × 10-8 M 
Noscapine 4.0 × 10-7 M 6.0 × 10-7 M 9.0 × 10-8 M 
* Using the optimised reaction conditions shown in table 4.1. 
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3.3 Analyte Screen 
Eighteen analytes (figure 4.9) were screened with the on-line generated 
manganese(IV) reagent under conditions found to generate the greatest responses for 
the three model analytes.  
 
Figure 4.9: Structures of the 18 analytes examined in the screening study. 
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With the exception of cocaine, each analyte elicited a chemiluminescence 
response. Similar to the results presented earlier in this chapter, no clear trends 
emerged regarding the influence of reagent concentration, total reagent flow rate and 
analyte structure on the signal intensity; however, a majority of analytes favoured a 
lower concentration reagent propelled at a high total flow rate (figure 4.10). 
 
Figure 4.10: Screening of 18 compounds with the manganese(IV) prepared and 
acidified on-line under four sets of conditions: 5 × 10-5 M manganese(IV) at 1.0 mL/min 
(teal columns); 5 × 10-5 M manganese(IV) at 7.0 mL/min (purple columns); 
2.5 × 10-4 M manganese(IV) at 1.0 mL/min (pink columns) and 2.5 × 10-4 M 
manganese(IV) at 7.0 mL/min (dark blue columns). The final acid concentration of each 
reagent was 1.5 M. All analytes were 5 × 10-6 M. 
The responses with this reagent (5 × 10-5 M manganese(IV), 7.0 mL/min) were 
then compared to that of the conventional manganese(IV) and acidic potassium 
permanganate reagents without the carcinogenic formaldehyde enhancer 
(figure 4.11). As expected, the conventional manganese(IV) reagent elicited only 
weak chemiluminescence due to the absence of an enhancer, whereas emissions from 
the on-line generated reagent were generally greater in intensity. Some compounds 
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(codeine, gallic acid, synephrine and vanillin) produced signals upon reaction with 
the on-line generated reagent that were superior to those obtained with both the 
conventional manganese(IV) (77-, 14-, 22- and 11-fold more intense) and acidic 
potassium permanganate (9-, 8-, 2- and 16-fold more intense) reagents. Morphine 
and oripavine produced much greater signals with acidic potassium permanganate 
(53- and 22-fold more intense) than with the manganese(IV) reagent (data not 
shown). 
 
Figure 4.11: Chemiluminescence intensities with 5 × 10-4 M conventional 
manganese(IV) containing 3 M orthophosphoric acid (teal columns), on-line generated 
5 × 10-5 M manganese(IV) with 1.5 M orthophosphoric acid (purple columns) and 
1 × 10-3 M acidic potassium permanganate with 1% (m/v) sodium polyphosphate and 
adjusted to pH 2.5 (pink columns). All analytes were 5 × 10-6 M, injected into a 
deionised water carrier. 
3.4 High Performance Liquid Chromatography 
The ability to tune this detection system towards particular analyte classes through 
the convenient modification of flow analysis parameters is aptly illustrated by its 
application to the post-column chemiluminescence detection of five opium poppy 
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alkaloids following a simple chromatographic separation (figure 4.12). Retention 
times for morphine, codeine, oripavine, thebaine and noscapine were 1.8, 2.7, 2.9, 
4.3 and 5.8 min respectively. At a high reagent flow rate of 7 mL/min, all five peaks 
were observed. However, as the flow rate was decreased the responses from the non-
phenolic morphinan species codeine and thebaine, which are most sensitive to 
changes in flow rate (as demonstrated in figure 4.4) were effectively removed, whilst 
the responses for morphine and oripavine were enhanced. 
 
Figure 4.12: HPLC separation of a mixture of opium poppy alkaloids coupled with 
manganese(IV) chemiluminescence detection (on-line generated 5 × 10-5 M 
manganese(IV), 1.5 M orthophosphoric acid), using a total reagent flow rate of (a) 
7.0 mL/min, (b) 2.0 mL/min, and (c) 0.5 mL/min. Peaks: morphine (M), codeine 
(C), oripavine (O), thebaine (T), and noscapine (N). All analytes were 1 × 10-5 M 
with the exception of noscapine which was 5 × 10-5 M. 
3.5 Emitting Species 
Du and Wang reported that the reaction of manganese(IV) with a range of 
pharmaceuticals under acidic conditions evoked a single broadly distributed emission 
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band with maximum intensity at approximately 630-640 nm, irrespective of the 
analyte, and in the presence and absence of formaldehyde [63, 64]. Largely based on 
the wavelength of maximum intensity, and the partial quenching by sodium azide 
and 1,4-diazabicyclo[2.2.2]octane, the authors attributed the emission to the 
generation of dimolecular singlet oxygen (1'g1'g) [63, 64]. This species is formed in 
numerous chemiluminescence reactions [25, 203, 204], and is often claimed to be 
responsible for the characteristic red emission from reactions with acidic potassium 
permanganate [18]. However, there is now compelling evidence that the reduction of 
potassium permanganate in acidic aqueous solution produces a manganese(II) emitter 
[25-27]. 
 
Figure 4.13: Chemiluminescence spectra (uncorrected) for the reactions of: 
a) morphine (1 × 10-5 M) with manganese(IV) generated and acidified on-line, b) as 
above but with 1 M formaldehyde added to the analyte solution, c) codeine 
(1 × 10-5 M) with the ‘conventional’ manganese(IV) reagent and 2 M formaldehyde, 
and d) morphine (1 × 10-5 M) with an acidic potassium permanganate reagent 
prepared in 2 M sulfuric acid and partially reduced (off-line) to manganese(III) using 
sodium thiosulfate. 
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Similar to the observations of Du and Wang [63, 64] and Agater [201], a single 
broad band with an apparent maximum emission at approximately 685 nm for the 
reaction of morphine with the on-line generated and acidified manganese(IV) reagent 
was observed (figure 4.13a). The addition of formaldehyde to the analyte solution 
increased the emission intensity but did not alter the spectral distribution (figure 
4.13b). Neither these nor the spectra presented by Du and Wang [63, 64] match the 
well-known ‘dimol’ emissions of singlet oxygen (with most prominent maxima at 
633 nm and 703 nm) [203, 204]. They are, however, concordant with spectra for the 
chemiluminescent reduction of the conventional manganese(IV) (figure 4.13c) and 
acidic potassium permanganate (figure 4.13d) reagents, for which a manganese(II) 
emitter has been confirmed [25-27]. Correction of these spectra for the wavelength 
dependence of the detector response and monochromators transmission [25] shifted 
the emission maxima to 730 r 10 nm, which is in good agreement with previous 
reports [25, 26]. 
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4. Conclusions 
The in situ formation and acidification of colloidal manganese(IV) using flow 
injection analysis methodology provides a convenient and highly reproducible means 
to prepare the reagent. The most favourable conditions were highly dependent on 
analyte structure, and the selectivity of the reagent could therefore be tuned toward 
certain classes of compound through subtle changes in chemical or instrumental 
conditions. Interestingly, the reagent produced analytically useful 
chemiluminescence in the absence of formaldehyde (which is required when using 
the ‘conventional’ manganese(IV) reagent). The inherent difference in behaviour 
between these two manganese(IV) colloids in the presence of formaldehyde may 
assist in elucidating the action of this commonly used enhancer in manganese-based 
chemiluminescence systems. The findings presented in this chapter have resulted in a 
peer reviewed publication [205]. 
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1. Introduction 
The tripeptide glutathione (GSH) is a critical physiological component endogenous 
to all biological tissues and fluids [120, 122]. Existing primarily in its reduced form, 
an overproduction of reactive oxygen species (ROS) initiates the conversion of GSH 
to its corresponding disulfide (GSSG) [122, 123, 125]. An alteration in the level of 
GSH (or the GSH/GSSG ratio) is one of the first indications of cellular oxidative 
stress, a status which has been implicated in the pathophysiology of conditions such 
as Alzheimer's, Parkinson's and Huntington's disease [122, 123, 125, 206]. Analytical 
methodologies to determine GSH often involve complex sample pre-treatment steps 
such as derivatisation of the analyte for fluorescence detection [121, 123, 131, 133, 
134]. GSSG is normally measured after disulfide bond reduction, in which case it is 
then treated by the same derivatisation as the native GSH [121, 123, 131, 133-135]. 
Subjecting biological samples to these lengthy derivatisation procedures, however, 
can artificially alter the GSH/GSSG ratio through auto-oxidation [123, 131, 135]. 
Methods of detection that enable direct measurement (without derivatisation), such 
as electrochemical [132] and chemiluminescence [45, 139, 207], are therefore an 
attractive alternative to fluorescence [121, 131, 208, 209]. 
Several new approaches for chemiluminescence detection of GSH have recently 
emerged [45, 139, 207, 210]. Li et al. reported the determination of thiols such as 
cysteine, GSH, N-acetylcysteine and captopril based on the sensitised 
chemiluminescence reaction with acidic potassium permanganate and quinine [210]. 
This system actually contained two light producing pathways: (i) the reduction of 
permanganate to form an excited state manganese(II) species, and (ii) the oxidation 
of the thiols to generate an excited intermediate capable of transferring energy to the 
quinine fluorophore [27]. The manganese(II) pathway can be considerably enhanced 
by addition of sodium polyphosphate rather than quinine, which improves sensitivity 
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by eliminating the background emission resulting from the reaction between the 
sensitiser and oxidant [18, 19]. In 2011, McDermott et al. utilised this approach for 
the post-column chemiluminescence detection of GSH in cultured skeletal muscle 
cells (C2C12 myotubes) following a rapid isocratic separation [139]. The limit of 
detection was 5 × 10-7 M, compared to 6.5 × 10-6 M reported by Li and co-workers 
[139, 210]. McDermott and co-workers also utilised a colloidal manganese(IV) 
reagent for the direct post-column chemiluminescence detection of thiols and 
disulfides [45]. The limits of detection of 7 × 10-8 M for GSH and 1 × 10-7 M for 
GSSG were suitable for their determination in whole blood samples [45], but they 
are inadequate to measure the relatively low concentration of GSSG in various other 
clinically relevant physiological fluids, cells and tissues. 
In this chapter, a range of enhancers were investigated in order to improve the 
sensitivity of acidic potassium permanganate chemiluminescence reagent towards 
thiol compounds. On-line addition of an aqueous formaldehyde solution not only 
improved the sensitivity towards thiol compounds, but also dramatically enhanced 
the selectivity of the reagent. This enhanced chemiluminescence reagent system was 
then applied to the determination of GSH and GSSG in mouse striatum. 
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2. Experimental 
2.1 Chemicals and Reagents 
Deionised water (Continental Water Systems, Victoria, Australia) and analytical 
grade reagents were used unless otherwise stated. Chemicals were obtained from the 
following sources: N-acetylcysteine (≥99%), N-cyclohexyl-3-aminopropanesulfonic 
acid (CAPS), L-cysteine (≥98.5%), L-cystine (≥99%), N-ethylmaleimide (NEM), 
L-glutathione (GSH) (≥98%), L-glutathione disulfide (GSSG) (≥99%), glyoxal, 
homocysteine (≥95%), homocystine, L-lysine, 2-mercaptoethanol, L-methionine, 
L-phenylalanine, quinine, serotonin hydrochloride, sodium polyphosphate, 
tris(2-carboxyethyl)phosphine hydrochloride (TCEP), L-tryptophan and L-tyrosine 
from Sigma-Aldrich (New South Wales, Australia); potassium permanganate, and 
formaldehyde (37%) from Chem-Supply (South Australia, Australia); methanol, 
sulfuric acid, and tris(hydroxymethyl)methylamine from Merck (Victoria, Australia); 
morphine from GlaxoSmithKline (Victoria, Australia), formic acid from Hopkin and 
Williams (Essex, England) and hydrochloric acid (32% w/v) from Ajax Finechem 
(New South Wales, Australia). 
Stock solutions (1 × 10-3 M) of N-acetylcysteine, cysteine, cystine, GSH, GSSG, 
homocysteine and homocystine were prepared and diluted as required in 0.01% 
formic acid (pH 2.8). Formaldehyde was filtered and diluted to the required 
concentration with deionised water. The acidic potassium permanganate reagent 
(2.5 × 10-4 M) was prepared by dissolving solid potassium permanganate in a 
solution of sodium polyphosphate (1% (m/v)) and adjusting to pH 3 with sulfuric 
acid. 
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2.2  Instrumentation 
2.2.1  Flow Injection Analysis 
The manifold was constructed from a Gilson Minipuls 3 peristaltic pump (John 
Morris Scientific, New South Wales, Australia) with bridged PVC pump tubing 
(white/white, 1.02 mm i.d., DKSH, Queensland, Australia), PTFE manifold tubing 
(0.8 mm i.d., Cole-Parmer Instrument Company, Illinois, USA) and a six-port 
injection valve (Vici 04W-0192L Valco Instruments, Texas, USA) equipped with a 
70 μL sample loop. A custom built flow-cell (a tight coil of 0.8  mm i.d. PTFE 
tubing) was mounted flush against an extended range photomultiplier tube (Electron 
Tubes model 9828SB, ETP, NSW, Australia) and encased in a light-tight housing. 
The output signal from the detector was obtained using an e-corder 410 data 
acquisition system (eDAQ, NSW, Australia). Analytes were injected into a carrier 
stream (deionised water) which merged with a stream of either deionised water or 
formaldehyde (2 M) at a confluence point located at the entrance of a 1 m reaction 
coil. This stream was then combined with the acidic potassium permanganate reagent 
just prior to entry into the flow-cell (figure 5.1). 
 
Figure  5.1: FIA manifold. 
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2.2.2  High Performance Liquid Chromatography 
Chromatographic analysis was carried out on an Agilent Technologies 1260 series 
liquid chromatography system, equipped with a quaternary pump, solvent degasser 
system, and autosampler (Agilent Technologies, Forest Hill, Victoria, Australia) 
using an Alltech Alltima C18 column (250 mm × 4.6 mm i.d., 5 μm particle 
diameter) equipped with an Alltima C18 guard column, at room temperature, with an 
injection volume of 10 μL and a flow rate of 1 mL/min. Isocratic elution was 
performed with 97% deionised water adjusted to pH 2.8 with formic acid and 3% 
methanol. An analogue to digital interface box (Agilent Technologies) was used to 
convert the signal from the chemiluminescence detector. Before use in the HPLC 
system, all sample solutions and solvents were filtered through a 0.45 μm nylon 
membrane. For post-column chemiluminescence measurements the column eluate 
(1 mL/min) and a formaldehyde enhancer (2 M; 1 mL/min) were merged at a T-piece 
located 10 cm from the entrance of the detector. This stream was then combined with 
the potassium permanganate reagent (2.5 × 10-4 M; 1 mL/min) just prior to entry into 
the flow-cell. A GloCel chemiluminescence detector (Global FIA, WA, USA) 
containing a dual-inlet serpentine flow-cell [69] and photomultiplier tube (model 
9828SB, ETP, NSW, Australia) set at a constant voltage of 900 V from a stable 
power supply (PM20D, ETP) was utilised in this system. The reagent and enhancer 
solutions were propelled by a 12x6 Dual Piston Pump (Scientific Systems Inc., PA, 
USA) equipped with a pulse damper and self-flushing pump heads. 
2.2.3  Chemiluminescence Spectra 
A Cary Eclipse fluorescence spectrophotometer (Varian, Mulgrave, Victoria, 
Australia) equipped with R928 photomultiplier tube (Hamamatsu, Japan) was 
operated in bio/chemiluminescence mode to collect chemiluminescence spectra. A 
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two-line flow manifold was used to continuously merge the analyte (5 × 10-5 M; 
3.5 mL/min) and reagent solutions (2.5 × 10-4 M; 3.5 mL/min) at a confluence point 
located just prior to the entrance of a coiled PTFE flow-cell (200 μL, 0.8 mm i.d.) 
that was mounted against the emission window of the spectrophotometer. A three-
line continuous flow manifold was subsequently used to merge the analyte solution 
(1 × 10-7 M; 3.5 mL/min) with the formaldehyde enhancer (2.0 M; 3.5 mL/min) at a 
confluence point located at the entrance of a short (1 m) reaction coil. This stream 
was then combined with the acidic potassium permanganate reagent (2.5 × 10-4 M; 
3.5 mL/min) just prior to entry into the flow-cell. Final spectra were an average of 20 
scans (1 s gate time; 1 nm data interval; 20 nm band-pass; PMT, 800 V) and 
corrected as previously described [202]. 
2.3 Mouse Striatum Samples 
Mouse striatum samples were obtained as part of a collaboration with the School 
of Medicine at Deakin University. R6/1 transgenic hemizygote males [211] were 
originally obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and bred 
with CBB6 (CBAÅ~C57/B6) F1 females to establish the R6/1 colony at the Florey 
Institute of Neuroscience and Mental Health (FINMH). After weaning, animals were 
group housed (4 mice per cage with 2 of each genotype) and maintained on a 12 h 
light/dark cycle with access to food and water ad libitum. Mice were handled in 
accordance with the guidelines of the FINMH Animal Ethics Committee and the 
National Health and Medical Research Council (NHMRC). 
2.3.1  Sample Collection  
Sample collection was undertaken by collaborators within the School of Medicine, 
Deakin University. Immediately after cervical dislocation, mice brains were 
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dissected on ice and snap frozen in liquid nitrogen, before being stored at Ǧ80 °C. 
Tissue was allowed to defrost on ice prior to homogenisation. Tissue homogenates 
were prepared in 0.1% formic acid, using a motorised pestle. Samples were allowed 
to rest on ice for 10 min prior to centrifugation at 8000 G for 15 min. The acidic 
supernatant was removed for analysis. 
2.3.2  Sample Analysis 
For GSH determination the sample was initially diluted 10-fold into aqueous 
formic acid (0.01%). A 50 μL aliquot of the diluted supernatant was then combined 
with 450 μL of aqueous formic acid (5%), immediately prior to analysis using HPLC 
with acidic potassium permanganate chemiluminescence detection. For GSSG 
determination, a second aliquot of the diluted supernatant (100 μL) was combined 
with a Tris-HCl buffer (0.675 M; 20 μL; pH 8.0) and N-ethylmaleimide 
(6.3 × 10-3 M; 20 μL) and mixed for 30 s. 2-Mercaptoethanol (8 × 10-3 M; 20 μL) 
was then added and mixed for a further 30 s. Following addition of TCEP 
(7.8 × 10-4 M; 20 μL) the solution was gently heated at 50° C for 60 min to allow 
complete disulfide bond reduction. Finally, aqueous formic acid (5%, 20 μL) was 
introduced to re-acidify the sample prior to filtration and analysis.  
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3. Results and Discussion 
3.1 Preliminary Investigations 
In an attempt to provide a more analytically useful signal from GSH, four 
compounds previously reported to enhance the emission intensity from the reaction 
of various organic compounds with acidic potassium permanganate [18, 19, 149, 
212, 213] were examined: N-cyclohexyl-3-aminopropanesulfonic acid (CAPS), 
quinine, glyoxal and formaldehyde. Using a three-line flow injection analysis 
manifold, a GSH solution (1 × 10-6 M) was injected into a deionised water carrier 
(3.5 mL/min) which merged with the enhancer solution (3.5 mL/min) at a confluence 
point located at the entrance of a short reaction coil. A continuously flowing stream 
of the reagent (2.5 × 10-4 M; 3.5 mL/min) then merged with the combined analyte-
enhancer solution just prior to entry into the flow-cell. Under these conditions, each 
of the enhancers resulted in emissions greater than that obtained with only deionised 
water in the enhancer stream. A small improvement in the chemiluminescence signal 
was obtained when using solutions of CAPS, quinine and glyoxal at 1 × 10-3 M 
(figure 5.2). A much larger increase in signal intensity was observed with a more 
concentrated solution of glyoxal (~600-fold enhancement), but this response was 
lower than that obtained from the corresponding blank (i.e. the reaction of 
permanganate and the enhancer without GSH). The addition of formaldehyde 
resulted in a significant increase in signal intensity (over three orders of magnitude), 
with a relatively small increase in the corresponding blank response. 
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Figure 5.2: Chemiluminescence intensities for GSH (1 × 10-6 M) upon reaction with 
acidic potassium permanganate and various enhancer solutions using flow injection 
analysis. 
3.2 Confirmation of the Emitting Species 
The mechanism of enhancement of permanganate chemiluminescence systems by 
formaldehyde has not yet been elucidated [18, 19]. It has been postulated that the 
enhancer is oxidised to form excited singlet oxygen or an unknown intermediate that 
either emits light or transfers energy to other compounds [24, 214-216]. For the 
chemiluminescence reaction of GSH with the acidic potassium permanganate 
reagent, a broad single band with an apparent emission maximum at approximately 
687 nm was observed (figure 5.3), which is characteristic of the electronically 
excited manganese(II) species formed in the oxidation of organic analytes by 
permanganate in the presence of sodium polyphosphate (λmax = 689 ± 5 nm; 
4T1→6A1 transition [25, 26]). The incorporation of a formaldehyde enhancer (2 M) 
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into the system, increased the overall emission intensity but did not alter the spectral 
distribution (figure 5.2). It was therefore concluded that the same manganese(II) 
species was responsible for the emission in both cases. 
 
Figure 5.3: Corrected chemiluminescence spectra for the reactions between acidic 
potassium permanganate (2.5 × 10-4 M in 1% (m/v) sodium polyphosphate, adjusted 
to pH 3) and (a) GSH (5 × 10-5 M in 0.01% formic acid) and (b) GSH (1 × 10-7 M in 
deionised water) using formaldehyde (2.0 M) as an enhancer.  
3.3 Analyte Screen 
Fifteen analytes (figure 5.4) were subsequently screened with the acidic potassium 
permanganate reagent under reaction conditions previously found to afford the 
greatest chemiluminescence response for GSH [139]. These responses (figure 5.5a) 
were then compared to those obtained when incorporating the formaldehyde 
enhancer (figure 5.5b).  
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Figure 5.4: Structures of the 15 analytes examined in the screening study. 
With the exception of glycine and lysine, the addition of formaldehyde increased 
the chemiluminescence intensity for each analyte. Relatively moderate enhancement 
(60- to 200-fold) was obtained for species containing a disulfide bond (cystine, 
homocystine, GSSG). However, this improvement in sensitivity was still insufficient 
to allow direct post-column quantification of GSSG in clinical samples. The greatest 
improvements in signal intensity were obtained for the thiol containing species: 
cysteine, homocysteine , GSH and N-acetylcysteine, with increases of between 530- 
and 4400-fold. Conversely, the response from two phenolic analytes that are known 
to produce very intense signals with the acidic potassium permanganate (morphine 
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and serotonin) were only enhanced 2- to 3-fold. Therefore, the formaldehyde 
enhancer not only affords much greater sensitivity, but also provided a remarkable 
improvement in selectivity towards thiol compounds such as GSH, thus reducing 
potential interferences in complex biological samples. 
 
Figure 5.5: Chemiluminescence intensities for selected analytes (5 × 10-6 M) with 
(a) acidic potassium permanganate (2.5 × 10-4 M in 1% (m/v) sodium 
polyphosphate, pH 3) and (b) the permanganate reagent and formaldehyde, using 
FIA methodology. 
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3.4 High Performance Liquid Chromatography 
A mobile phase consisting of 97% deionised water adjusted to pH 2.8 with formic 
acid and 3% methanol enabled the separation of four routinely measured thiols in 
under 15 min with high resolution (figure 5.6). Similar to the observations of the 
preliminary flow injection analysis experiments, the addition of 2 M formaldehyde to 
the detection system resulted in a significant increase in the chemiluminescence 
response (peak area) for these thiol analytes (by approximately two orders of 
magnitude). Retention times were exceedingly stable - with an RSD% of less than 
0.4% for glutathione, over 100 injections (at varying concentrations). 
 
Figure 5.6: HPLC separation of a mixture of four biologically important thiols; cysteine 
(CYS), homocysteine (HCYS), glutathione (GSH) and N-acetylcysteine (NACYS) 
(1×10-5 M), using (a) acidic potassium permanganate (2.5 × 10-4 M) chemiluminescence 
detection (20 μl injection volume) and (b) acidic potassium permanganate and 
formaldehyde (2.0 M) (10 μl injection). The unenhanced separation is also shown inset. 
It should be noted that signal increases obtained when using a formaldehyde 
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emission [18, 19]. Peristaltic pumps (which are often used to propel reagent and 
enhancer solutions into the flow-cell for post-column chemiluminescence detection) 
contribute greatly to baseline noise because of the pulsation of solution flow. To 
minimise this effect, two dual piston pumps equipped with pulse dampers were 
employed to deliver reagent and enhancer streams to the detector. 
Calibration curves were prepared using eighteen standard solutions between 
1 × 10-9 M and 1 × 10-5 M. Each of the thiols exhibited a highly linear relationship 
between signal (peak area) and analyte concentration (table 5.1). The precision of 
repeated injections (n=10; 5 × 10-6 M) was excellent, with relative standard 
deviations of between 0.49% and 1.46%. Limits of detection, defined as a signal to 
noise ratio of 3, were in the range of 0.01 μM and 0.05 μM. Most importantly, the 
limit of detection for GSH was 50-fold superior to that of the previously published 
HPLC procedure utilising permanganate chemiluminescence detection [139]. 
Table 5.1: Analytical figures of merit. 
 Retention     
 Time (min) 
RSD 
(%)* R
2† Linear Range (μM) 
RSD 
(%)* 
LOD 
(μM) 
Cysteine 2.83 0.02 0.996 0.03 – 7.0 0.77 0.01 
Homocysteine 3.47 0.04 0.999 0.09 – 7.0 0.49 0.03 
Glutathione 5.78 0.17 1.000 0.03 – 7.0 0.72 0.01 
N-Acetylcysteine 12.89 0.17 0.999 0.15 – 7.0 1.46 0.05 
*n = 10 
†Using 18 standards, average of triplicate injections 
After quantification of the free GSH (figure 5.7a), a second aliquot of sample was 
used to establish the concentration of GSSG. The free thiol was blocked with the 
masking agent, N-ethylmaleimide (figure 5.7b) and then the disulfide bond reduction 
procedure was performed to liberate GSH, which was quantified as described above 
(figure 5.7c). As such, the gains in sensitivity for GSH were also translated to the 
detection of GSSG. 
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Figure 5.7: The analysis of a mixture of GSH and GSSG standards (1 × 10-5 M) with 
post-column chemiluminescence detection using acidic potassium permanganate and a 
formaldehyde enhancer. (a) Detection of GSH, (b) signal after addition of Tris-HCl buffer 
and NEM (thiol blocking step), (c) detection of GSSG as GSH after the addition of 
2-mercaptoethanol (to react excess NEM) and TCEP (to break the disulfide bond).  
*This peak corresponds to the excess 2-mercaptoethanol and does not interfere with the 
analysis. 
3.5  Determination of GSH/GSSG in Mouse Striatum 
To demonstrate the viability of this method for the analysis of biological tissues, 
the procedure was applied to the determination of GSH and GSSG in mouse 
striatum. Progressive degeneration of this brain region is the primary neuropathalogic 
feature of Huntington's disease [217, 218]. Several studies have reported signs of 
oxidative stress in the brain tissue of subjects suffering from the late stages of the 
disease; however, it is not clear if this begins in early stages or if it is secondary to 
tissue degeneration [218-220]. Quantification of GSH and GSSG in animal models 
of Huntington's disease is therefore invaluable in determining the stage at which 
oxidative stress begins to occur. 
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Homogenised striatum samples taken from both wild type mice and the R6/1 
transgenic mouse model of Huntington's disease, at both 8 weeks of age (when 
affective-like phenotypes begin to emerge [221]) and 12 weeks of age (when motor 
dysfunction occurs [211]) were examined. The acidic supernatant was initially 
diluted 10-fold into aqueous formic acid (0.01%). A portion of the diluted sample 
was then further diluted 10-fold in 5% formic acid immediately prior to analysis 
(figure 5.8a). For GSSG determination, a second aliquot of dilute supernatant 
(100 μL) was subjected to the thiol blocking and disulfide bond reduction procedure 
as described above. The sample was then re-acidified with 20 μL of 5% formic acid 
prior to analysis (figure 5.8b). 
 
Figure 5.8: Typical acidic potassium permanganate chemiluminescence chromatograms 
obtained for the analysis of mouse striatum, (a) detection of GSH (total 1/100 dilution) 
and (b) detection of GSSG as GSH after performing the disulfide bond reduction 
procedure (total 1/20 dilution).  
*This peak corresponds to the excess 2-mercaptoethanol and does not interfere with the 
analysis. 
0 3 6 9 12 15
0
100
200
300
400
500
600
700
*
GSH
GSH
C
he
m
ilu
m
in
es
ce
nc
e 
in
te
ns
ity
 (a
.u
.)
Time (min)
(a)
(b)
CHAPTER FIVE 
112 
 
Using this method, both GSH and GSSG were detected in all samples tested. 
Despite the complexity of the sample matrix, the selectivity of the reagent combined 
with the ability to perform large dilutions resulted in only a few observable peaks 
from extraneous sample components. GSH was present in the range 1.21 - 
3.21 μmol/g whilst GSSG was present in the range 0.16 - 0.44 μmol/g (figure 5.9). 
There was no significant difference in the levels of GSH, GSSG, or the ratio of 
GSH:GSSG, at either time point (t(8) = 2.89, p = 0.20). This suggests that the disease 
progression had not significantly altered the intracellular redox environment. This 
preliminary result may indicate that significant changes in antioxidant capacity are 
not occurring in the prodromal stages of the R6/1 Huntington's disease model. 
However, it may be that such changes in glutathione homeostasis are 
compartmentalised between different cell types (glia and neurons) and/or subcellular 
structures (mitochondria and cytoplasm) [222-224]. Thus further analysis is needed 
to confirm if such changes are occurring. These results do, however, demonstrate the 
analytical utility of this method for the measurement of GSH/GSSG levels in 
complex biological matrices. 
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Figure 5.9: Influence of Genotype (wild type (WT) or R6/1 (HD)) on intracellular GSH, 
GSSG and the GSH/GSSG ratio in moue striatum taken from (a, c, e) 8 week old and (b, d, f) 
12 week old animals. Values are reported as means of 5 determinations (± SEM). 
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4. Conclusions 
Applying a formaldehyde enhancer to chemiluminescence reactions with acidic 
potassium permanganate not only afforded significant increases in signal intensities, 
but also increased selectivity of the reagent towards thiol compounds. Examination 
of the chemiluminescence spectra showed that addition of the enhancer did not alter 
the spectral distribution. Applying this enhanced method to the previously developed 
HPLC method for thiol determination, detection limits were improved for the 
important biological thiol GSH by over an order of magnitude, whilst also halving 
the injection volume. The method was successfully applied to the detection of 
GSH/GSSG in mouse striatum, although no statistical difference was noted between 
diseased and wild-type states. The findings presented in this chapter have resulted in 
a peer reviewed publication [225]. 
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1. Introduction 
Formaldehyde has frequently been used to enhance chemiluminescence reactions 
with manganese-based reagents [18-20]. Many previous studies have included 
formaldehyde to expand the analytical utility of acidic potassium permanganate, 
particularly when analytes are present at levels close to their limit of detection [18, 
19]. Indeed, the work presented in the previous chapter of this thesis is an example of 
such a method. Colloidal manganese(IV), however, requires the use of an enhancer 
for all applications, as the reagent elicits only weak emissions when used on its own 
[20, 38, 40]. To date, the majority of publications describing manganese(IV) 
chemiluminescence incorporate a formaldehyde enhancer [20, 42, 43, 45]. 
Whilst the mechanism of enhancement for formaldehyde with manganese-based 
reagents has yet to be fully elucidated, the compound affords substantial increases in 
chemiluminescence intensity - often by orders of magnitude [18-20]. Although 
accompanied by large and often deleterious increases in background emission (due to 
the slow reaction between reagent and enhancer), employing formaldehyde generally 
results in improved sensitivity, as demonstrated in the previous chapter. 
Concentrations in the range of 0.2 - 3 M have been reported for enhancing reactions 
with both permanganate and manganese(IV) reagents [18-20, 42, 43, 45]. 
Unfortunately formaldehyde is a particularly hazardous chemical to work with, 
especially given its status as a carcinogenic compound [65]. In July 2012, Safe Work 
Australia upgraded its classification of formaldehyde from a category 3 carcinogen 
(limited evidence of a carcinogenic effect) to category 2 (may cause cancer by 
inhalation) [226]. Aside from the obvious concerns for the user's safety, such 
classification also leads to practical issues with the chemical's use - as ordering, 
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storage and disposal become more difficult due to increasing regulations. Therefore, 
it would be ideal to replace formaldehyde with a more innocuous compound.   
Several studies have investigated alternative enhancers to formaldehyde, 
particularly for manganese(IV) chemiluminescence [18-20, 39]. A major focus has 
been on similar low molecular weight aldehydes, such as acetaldehyde and 
gluteraldehyde, although other compounds such as acids and surfactants have also 
been considered [18-20, 39]. However, for most analytes these species have 
generally given only poor enhancement of the light producing reactions [18-20, 39]. 
Formaldehyde in aqueous solution (also known as formalin) is usually purchased 
as a 37% solution (containing 10% methanol as a stabiliser), which is then diluted to 
suitable working concentrations. When in solution, formaldehyde can produce 
polymer products (such as poly(oxymethylene)glycol) - but predominantly (at room 
temperature) the molecule undergoes hydration to form methanediol (figure 6.1) 
[227, 228]. Consequently, it is possible that compounds with a similar structure to 
this molecule may be able to enhance reactions with manganese-based reagents. 
 
Figure 6.1: Chemical structures of formaldehyde and methanediol. 
Several common laboratory solvents, such as methanol, ethanol and propanol, are 
structurally similar to methanediol, as they are short chain molecules containing a 
hydroxyl moiety. In addition, several studies have reported their effects on reactions 
with acidic potassium permanganate, with some describing increases in the 
chemiluminescence response [145, 229-231]. Ethanol in particular is capable of 
formaldehyde methanediol
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generating a chemiluminescence signal with permanganate, which has been used for 
its determination in alcoholic beverages [232]. As a common laboratory solvent, 
ethanol is inexpensive, readily available and significantly less hazardous than 
formaldehyde.  
Therefore, this chapter investigates the use of ethanol for the enhancement of 
reactions with both the acidic potassium permanganate and colloidal manganese(IV) 
reagents.  
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2. Experimental 
2.1 Chemicals and Reagents 
Deionised water (Continental Water Systems, Victoria, Australia) and analytical 
grade reagents were used unless otherwise stated. Chemicals were obtained from the 
following sources: chloro-tyrosine, clozapine, L-cysteine, L-cystine, dopamine, 
1,2-ethanediol, flavone, fluphenazine, glyoxal, L-glutathione (GSH), L-glutathione 
disulfide (GSSG), hesperetin, homocysteine, homocystine, kynurenine, L-lysine, 
L-methionine, L-phenylanaline, prochlorperazine, rosmarinic acid, serotonin, sodium 
formate, sodium polyphosphate (+ 200 mesh), sodium thiosulfate, trifluoroacetic 
acid, tryptophan, m-tyrosine, o-tyrosine and p-tyrosine from Sigma-Aldrich (New 
South  Wales, Australia); ethanol, formaldehyde (37%), orthophosphoric acid (85%), 
potassium permanganate, 1-propanol and 2-propanol from Chem-Supply (South 
Australia, Australia); codeine, heroin, morphine, noscapine, oripavine and thebaine 
from GlaxoSmithKline (Victoria, Australia); methanol and sulfuric acid from Merck 
(Victoria, Australia); soluble starch from Ajax Finechem (New South Wales, 
Australia) and formic acid from Hopkin and Williams (Essex, England). 
With some exceptions, analyte stocks were prepared in deionised water at 
1 × 10-3 M. Sulfuric acid (~10 drops in 250 ml) was added to the solutions of 
morphine, codeine, thebaine, oripavine, noscapine, chloro-tyrosine, m-tyrosine, 
o-tyrosine and p-tyrosine, clozapine, fluphenazine and prochlorperazine to aid 
dissolution. The thiol and disulfide compounds were prepared in either deionised 
water adjusted to pH 2.8 with formic acid (for FIA) or in mobile phase (for HPLC). 
Flavone, hesperetin and rosmarinic acid were prepared in 100% methanol. Heroin 
was prepared in 0.1% acetic acid. Stock solutions were diluted daily in deionised 
water to working concentrations. 
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2.1.1  Acidic Potassium Permanganate 
To prepare the ‘standard’ acidic potassium permanganate, solid potassium 
permanganate (1 × 10-3 M) was dissolved in a 1% (m/v) solution of sodium 
polyphosphates. The pH of the solution was then adjusted to pH 2.5 by the dropwise 
addition of sulfuric acid. 
To prepare acidic potassium permanganate without polyphosphates, solid 
potassium permanganate (1 × 10-3 M) was dissolved in a 2 M sulfuric acid solution. 
2.2.2  Colloidal Manganese(IV) 
The colloidal manganese(IV) reagent was prepared as previously described [38], 
based on the method of Jáky and co-workers [34, 37]. Freshly precipitated 
manganese dioxide, obtained via the reduction of potassium permanganate with 
excess sodium formate was collected by vacuum filtration and washed with 
deionised water. Subsequently, 0.6 g of the wet material was added to 500 mL of 
orthophosphoric acid (3 M) and sonicated for 30 min. The colloid was heated at 
80 ˚C for 1 hr, cooled to room temperature and the concentration determined by 
iodometric titration [177]. The stock manganese(IV) reagent was diluted daily to the 
required concentration (5 × 10-4 M) using orthophosphoric acid (3 M). 
2.3 Instrumentation 
2.3.1  Flow Injection Analysis 
The flow injection analysis manifold was constructed from a Gilson Minipuls 3 
peristaltic pump (John Morris Scientific, NSW, Australia) with bridged PVC or 
silicone pump tubing (white/white, 1.02 mm i.d., DKSH, Queensland, Australia), 
PTFE manifold tubing (0.8 mm i.d., Cole-Parmer Instrument Company, Illinois, 
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USA) and a six-port injection valve (Vici 04W-0192L Valco Instruments, Texas, 
USA) equipped with a 70 μL sample loop. A custom built flow-cell (a tight coil of 
0.8 mm i.d. PTFE tubing) was mounted flush against an extended range 
photomultiplier tube (Electron Tubes model 9828SB, ETP, NSW, Australia) and 
encased in a light-tight housing. The output signal from the detector was obtained 
using an e-corder 410 data acquisition system (eDAQ, NSW, Australia). 
To facilitate the incorporation of enhancers, a 3-line FIA manifold was utilised 
(figure 6.2). Analytes were injected into a carrier stream (deionised water) which 
merged with a stream of either deionised water or enhancer at a confluence point 
located at the entrance of a short (15 cm) reaction coil. This stream was then 
combined with the reagent just prior to entry into the flow-cell. The flow-rate was 
3.5 mL/min, per line. 
 
Figure 6.2: FIA manifold. 
2.3.2  UV-visible Spectrometry 
The UV-visible absorption of reagent solutions was measured using a Cary 300 
Bio UV-Vis Spectrophotometer (Varian Australia, Victoria, Australia) with a 1 cm 
quartz cuvette, a scan rate of 600 nm min-1 and a bandwidth of 1 nm. Spectra were 
recorded over the range 200 - 750 nm. Equal volumes of reagent, enhancer and 
deionised water were combined in the cuvette immediately prior to recording the first 
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spectrum. Spectra were then recorded every 3 min for 120 min. The mixture 
remained untouched until the final spectrum was recorded. 
2.2.3  Chemiluminescence Spectra 
A Cary Eclipse fluorescence spectrophotometer (Varian, Mulgrave, Victoria, 
Australia) equipped with R928 photomultiplier tube (Hamamatsu, Japan) was 
operated in bio/chemiluminescence mode to collect chemiluminescence spectra. A 
three-line continuous flow manifold was used to merge the analyte solution 
(1 × 10-5 M codeine; 1 mL/min) with the enhancer (either 2.0 M formaldehyde or 
100% ethanol; 1 mL/min) at a confluence point located at the entrance of a short 
(1 m) reaction coil. This stream was then combined with the colloidal manganese(IV) 
reagent (5 × 10-4 M; 1 mL/min) just prior to the entrance of a coiled PTFE flow-cell 
(200 μL, 0.8 mm i.d.) that was mounted against the emission window of the 
spectrophotometer. Final spectra were an average of 25 scans (1 s gate time; 1 nm 
data interval; 20 nm band-pass; PMT, 800 V) and corrected as previously described 
[202]. 
2.3.4  High Performance Liquid Chromatography 
Chromatographic analysis was carried out on an Agilent Technologies 1260 series 
liquid chromatography system, equipped with a quaternary pump, solvent degasser 
system, and autosampler (Agilent Technologies, Forest Hill, Victoria, Australia) 
using an Alltech Alltima C18 column (250 mm × 4.6 mm i.d., 5 μm particle 
diameter) equipped with an Alltima C18 guard column, at room temperature, with an 
injection volume of 100 μL and a flow rate of 1 mL/min. Isocratic elution was 
performed with 97% deionised water adjusted to pH 2.57 with trifluoroacetic acid 
and 3% methanol. A Hewlett-Packard analogue to digital interface box (Agilent 
Technologies) was used to convert the signal from the chemiluminescence detector. 
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Before use in the HPLC system, all sample solutions and solvents were filtered 
through a 0.45 μm nylon membrane. For post-column chemiluminescence 
measurements the column eluate (1 mL/min) and enhancer (1 mL/min) were merged 
at a T-piece located 10 cm from the entrance of the detector. This stream was then 
combined with the reagent (1 mL/min) upon entering the flow-cell. A GloCel 
chemiluminescence detector (Global FIA, WA, USA) containing a dual-inlet 
serpentine flow-cell [69] and photomultiplier tube (model 9828SB, ETP, NSW, 
Australia) set at a constant voltage of 900 V from a stable power supply (PM20D, 
ETP) was utilised in this system. The reagent and enhancer solutions were propelled 
by a 12 × 6 Dual Piston Pump (PEEK) (Scientific Systems Inc., PA, USA) equipped 
with a pulse damper and self-flushing pump heads. 
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3. Results and Discussion 
3.1 Enhancement of Acidic Potassium Permanganate 
3.1.1  Preliminary Investigations 
Given the frequent use of organic solvents such as ethanol in analytical 
methodology (e.g. to dissolve analytes, or as organic modifier in mobile phase for 
HPLC), it is unsurprising that several researchers have noted the effects of these 
compounds on chemiluminescence reactions. Some studies have reported that 
chemiluminescence from acidic potassium permanganate was enhanced in the 
presence of ethanol [145, 230, 231]. However, others observed quenching of the 
response [229]. These contradictory findings may be due to differences in initial 
reaction conditions. 
To evaluate the suitability of ethanol to enhance reactions with acidic potassium 
permanganate, FIA methodology was used to compare 2 M formaldehyde and 
ethanol (100%) under our standard reagent conditions (1 × 10-3 M, 1% (m/v) sodium 
polyphosphates, pH 2.5), using the analyte set examined in the previous chapter 
(section 3.3, figure 5.4). As can been seen in figure 6.3, whilst ethanol was able to 
enhance the chemiluminescence signals, it was not as effective as formaldehyde. For 
most analytes, formaldehyde afforded emission intensities between 1.2- and 4.5-fold 
superior to ethanol. Morphine was the only analyte for which a similar level of 
enhancement was obtained. 
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Figure 6.3: Chemiluminescence intensities for selected analytes (5 × 10-6 M) with 
acidic potassium permanganate (1 × 10-3 M, 1% (m/v) sodium polyphosphate, pH 2.5) 
using FIA. Teal bars: no enhancer; pink bars: 100% ethanol; purple bars: 2 M 
formaldehyde.  
3.1.2  UV-visible Spectroscopy 
As previously mentioned, high background signals are observed when using 
formaldehyde, due to the slow reaction between enhancer and reagent [18, 19]. As 
shown in chapter 3, the formation of key intermediate species, such as 
manganese(III) play a large role in the enhancement of acidic potassium 
permanganate [23, 30, 31]. If intermediates formed by the reaction of formaldehyde 
with the reagent are involved in the mechanism of enhancement, then the kinetics of 
this reaction would be an important factor. Therefore, the reaction between acidic 
potassium permanganate and several enhancers was monitored over two hours using 
UV-visible absorbance spectroscopy. 
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Figure 6.4: Absorption spectra for the reaction of acidic potassium permanganate 
(1 × 10-3 M, 1% (w/v) polyphosphates, pH 2.5) with (a) 2 M formaldehyde, (b) 100% ethanol 
(c) 100%  2-propanol and (d) the reaction of potassium permanganate (1 × 10-3 M in 2 M 
sulfuric acid) with 100% ethanol. Reagent, enhancer and deionised water were mixed in the 
cuvette in equal volumes. Spectra were collected every 3 min for 120 min. The first spectrum 
is shown in red and the blank spectra of enhancer solutions are shown in blue. 
As in chapter 3, the reaction with formaldehyde caused a steady decrease in the 
absorption band centred around 525 nm, as manganese(VII) species were reduced to 
the colourless manganese(II) (figure 6.4a). This can also be observed visually as the 
intense pink colour of the permanganate gradually turns clear. Decreases in this 
characteristic vibrational coarse structure also occur when the reagent is reacted with 
ethanol (figure 6.4b). However, increases in absorption at the lower end of the 
spectrum are also observed, eventually forming a broad band characteristic of 
scattering from the formation of precipitates. Examination of the cuvettes at the 
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experiment's conclusion revealed cloudy white precipitate in the solution. Repeating 
the experiment with 2-propanol afforded a similar result (figure 6.4c). Further 
investigations identified that the precipitate had resulted from a reaction with the 
sodium polyphosphates in the reagent - as figure 6.4d demonstrates that no 
precipitates form when using a highly acidic reagent containing no polyphosphates. 
Since the formation of precipitates is extremely detrimental to flow-chemistry 
instrumentation, this indicates that these alcohols are not suitable for use with acidic 
potassium permanganate containing sodium polyphosphates. 
3.1.3  Further Flow Injection Analysis Experiments 
As seen in chapter 3, acidic potassium permanganate can be used without sodium 
polyphosphates, so long as a high concentration of acid is used to prevent the 
formation of insoluble manganese dioxide [18, 19]. It is therefore possible that 
ethanol could be used to enhance reagents prepared in this manner, which would 
avoid the precipitation problems observed above.  
An FIA comparison was conducted using a permanganate reagent (1 × 10-3 M) 
prepared in 2 M sulfuric acid (without the addition of sodium polyphosphates), with 
GSH and morphine as model analytes. For both analytes, the unenhanced signals 
with this reagent were smaller than those obtained using the standard reagent with 
polyphosphates. When incorporating the enhancers, the trend for GSH was very 
similar to that observed with the standard reagent, with formaldehyde producing an 
emission intensity superior to ethanol (figure 6.5). This trend was also observed with 
morphine - contrasting the comparable enhancement of formaldehyde and ethanol 
seen with the standard reagent. Despite achieving similar enhancement factors, the 
initial lower signals from the strongly acidic reagent resulted in only moderate 
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responses when the enhancers were incorporated. Indeed, a greater response for 
morphine can be obtained using the standard reagent, without enhancement. 
 
Figure 6.5: Chemiluminescence intensities for GSH and morphine 
(5 × 10-6 M) with acidic potassium permanganate (1 × 10-3 M in 2 M sulfuric 
acid) using FIA. Teal bars: no enhancer; pink bars: 100% ethanol; purple bars: 
2 M formaldehyde. 
3.3 Enhancement of Colloidal Manganese(IV) 
3.2.1  Preliminary Investigations 
Unlike acidic potassium permanganate, analytically useful chemiluminescence 
from the colloidal manganese(IV) reagent is only obtained in the presence of an 
enhancer, most commonly formaldehyde [20, 40]. Additionally, methods of 
enhancing manganese(IV) are limited, whilst reactions with potassium permanganate 
can be enhanced by numerous mechanisms, as described in the previous chapters 
[18, 19]. As there is currently no real alternative to formaldehyde (for the majority of 
applications), utilising the manganese(IV) reagent therefore necessitates the 
incorporation of this carcinogenic compound.  
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To date, no studies have reported the effects of aliphatic alcohols on emission 
intensity with colloidal manganese(IV). Also, as the reagent is never utilised without 
an enhancer present, incidental increases in signal due to the presence of organic 
solvents would be less noticeable and therefore unlikely to be reported. Using FIA 
methodology, the enhancement of colloidal manganese(IV) chemiluminescence by 
formaldehyde (2 M) was compared with that of four simple alcohols: methanol, 
ethanol and 2-propanol, as well as acetonitrile (all at 100%). Four opiate alkaloids 
(morphine, codeine, thebaine and oripavine), which have previously been determined 
with this reagent, were used as model analytes. 
As can be seen in figure 6.6, incorporating acetonitrile quenched the 
chemiluminescence signal, preventing the emission of light. This is in agreement 
with previous studies describing the quenching of reactions with manganese-based 
reagents by this solvent in HPLC systems [18, 45]. Methanol provided a moderate 
increase in chemiluminescence intensity (115 - 170 fold), however this small 
improvement in sensitivity was still not enough to afford analytical utility. Signals 
with 2-propanol were comparable to those obtained with formaldehyde (2500 - 3700 
and 2500 - 3500 fold respectively), whereas ethanol afforded the greatest levels of 
enhancement (3800 - 5800 fold). 
To the best of my knowledge, this is the first demonstration of enhancement 
factors comparable to, or greater than those obtained for manganese(IV) with 
formaldehyde. In addition, these common laboratory solvents are far more innocuous 
than the carcinogenic formaldehyde, whilst also being inexpensive and readily 
available. 
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Figure 6.6: Chemiluminescence intensities for four opiate alkaloids (5 × 10-6 M) 
with colloidal manganese(IV) and several enhancers using FIA. Teal bars: 
morphine; purple bars: oripavine; pink bars: codeine; dark blue bars: thebaine. 
3.2.2  UV-visible Spectroscopy 
As with the acidic potassium permanganate reagent, colloidal manganese(IV) also 
reacts slowly with formaldehyde producing a high background signal [20, 38]. 
Monitoring this reaction with UV-visible spectroscopy showed decreases in the 
broad absorption band characteristic of manganese(IV). When repeated with the 
alcohols methanol, ethanol and 2-propanol, a similar pattern was observed, as seen in 
figure 6.7. At lower wavelengths, variations can be seen as the enhancer compounds 
also show absorption within this range (see blue traces, figure 6.7). Throughout the 
reactions, the colloid remained stable and no flocculation occurred. 
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Figure 6.7: Absorption spectra for the reaction of colloidal manganese(IV) (5 × 10-4 M) with 
(a) 2 M formaldehyde, (b) 100% methanol (c) 100% ethanol and (d) 100% 2-propanol. 
Reagent, enhancer and deionised water were mixed in the cuvette in equal volumes. Spectra 
were collected every 3 min for 120 min. The first spectrum is shown in red and the blank 
spectra of enhancer solutions are shown in blue. 
The differences in the reaction kinetics can be more easily discerned by examining 
the change in absorption over time at one wavelength. As shown in figure 6.8, at 
420 nm we see that the kinetic profiles of the reactions with formaldehyde and 
ethanol are extremely similar. Conversely, with methanol and 2-propanol the reagent 
was consumed much more slowly. It can be concluded that, similar to reactions with 
permanganate, the superior enhancing effects of formaldehyde and ethanol compared 
to methanol and 2-propanol with the manganese(IV) reagent is (in part) due to the 
more rapid generation of manganese(III) and manganese(II) (known to catalyse 
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reactions with manganese oxidants). However, this does not explain the considerably 
greater enhancing effect of 2-propanol than methanol; nor does it account for the 
absence of significant enhancement from other reducing agents [20]. It is thus likely 
that an additional mode of enhancement is involved, such as the protection of the 
excited state emitting species from non-radiative deactivation, similar to one action 
of sodium polyphosphate in the reduction of acidic potassium permanganate [23]. 
 
Figure 6.8: Absorbance (at 420 nm) over time plots for: Formaldehyde (black 
triangles), methanol (teal squares), ethanol (pink circles) and 2-propanol (purple 
triangles).  
Using UV-visible spectrometry alone, it is very difficult to identify the formation 
of intermediate species in reactions with manganese(IV), primarily due to the broad, 
intense nature of the spectrum. In order to fully elucidate the mechanisms of 
enhancement, more extensive spectroscopic interrogation, involving other techniques 
such as electron paramagnetic resonance spectroscopy, would be required. 
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3.2.3  Confirmation of the Emitting Species 
It has previously been confirmed that the light produced from reactions with 
colloidal manganese(IV) (in the presence of formaldehyde) emanates from an excited 
manganese(II) species [25, 38]. When ethanol was included as the enhancer, the 
spectral distribution was concordant with the results obtained using formaldehyde, 
with maximum emission occurring at 735 ± 5 nm (when corrected for wavelength 
dependence of detector response and monochromator transmission) (figure 6.9). This 
indicates that the chemiluminescence from both reactions results from the same 
manganese(II) emitter. 
 
Figure 6.9: Corrected chemiluminescence spectra for the reaction between 
manganese(IV) (5 × 10-4 M) and codeine (1 × 10-5 M) with: a) 2 M formaldehyde and b) 
100% ethanol enhancement. 
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3.2.4  Further Flow Injection Analysis Experiments 
The aliphatic alcohols tested thus-far have a similar structure to methanediol, the 
predominant form taken by formaldehyde in aqueous solution. To further explore the 
effect of chemical structure on signal enhancement, several additional compounds 
sharing features with either formaldehyde or methanediol were also compared 
(figure 6.10). 
 
Figure 6.10: Chemical structures of several enhancers. 
Glyoxal has previously been used for the enhancement of acidic potassium 
permanganate [18, 19] (as mentioned in chapter 5). Although it is quite similar in 
structure to formaldehyde, it has never been utilised with the colloidal 
manganese(IV) reagent. 1,2-Ethanediol shares features with both ethanol (a two 
carbon chain) and methanediol (two hydroxy groups). The two structural isomers of 
propanol were also compared to determine if the position of the key functional group 
affects the level of enhancement. 
formaldehyde 1,2-ethanediol
2-propanol1-propanol
glyoxal
ethanol
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Figure 6.11: Chemiluminescence intensities for manganese(IV) (5 × 10-4 M) with 
codeine (5 × 10-6 M) and several enhancers obtained using FIA methodology. 
Formaldehyde and glyoxal were 2 M. 1,2-ethanediol, 1-propanol, 2-propanol and 
ethanol were 100%. 
As can be seen in figure 6.11, glyoxal provided a moderate increase to the signal, 
however, the background noise produced by the continuous reaction between 
enhancer and reagent was exceedingly high (over 6000 mV), making it impractical 
for use. Despite containing the same number of hydroxyl groups as methanediol, 
1,2-ethanediol only afforded a very small increase in signal - suggesting that extra 
alcohol groups do not necessarily correlate to an increase in emission intensity. The 
primary and secondary alcohols afforded very similar signals, indicating that the 
position of the alcohol group is also not crucial to the enhancement. Curiously 
however, 1-propanol exhibited 8-fold greater background noise than 2-propanol.  
Given that it produced the highest signal intensities, ethanol was utilised for the 
remainder of experiments. Ethanol percentage was optimised using the four opiates, 
as seen in figure 6.12. 
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Figure 6.12: Chemiluminescence intensities for colloidal manganese(IV) 
(5 × 10-4 M) with different concentrations of ethanol enhancer using FIA 
methodology. Teal bars: morphine; pink bars: oripavine; purple bars: codeine; dark 
blue bars: thebaine. All analytes were 5 × 10-6 M. 
As the percentage of the ethanol enhancer was increased, the amount of light 
emitted also increased, with the greatest signal intensity occurring with 100% 
ethanol. The peak heights at 75% ethanol were also greater than those obtained with 
formaldehyde. Therefore, concentrations in the range of 50-100% would give 
sufficient analytical utility, comparable to the commonly used 2 M formaldehyde 
enhancer. Percentages less than 100% may also provide the added advantage of 
lower background emissions, which could lead to improved detection at low analyte 
concentrations. For simplicity however, 100% ethanol was utilised for the remainder 
of experiments in this chapter. 
To determine if the relative enhancement observed with ethanol and formaldehyde 
is related to the structure of the target analyte, the responses of 20 compounds (figure 
6.13) were compared. The tested compounds were selected from a range of analyte 
classes, including antioxidants, amino acids, neurotransmitters and pharmaceuticals.  
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Figure 6.13: Structures of the 20 analytes examined in the screening study. 
FIA was conducted using colloidal manganese(IV) with both ethanol and 
formaldehyde, as well as un-enhanced colloidal manganese(IV) and acidic potassium 
permanganate. 
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Figure 6.14: Chemiluminescence intensities for 20 analytes (5 × 10-6 M) with: acidic 
potassium permanganate (teal bars); colloidal manganese(IV) with 100% ethanol (pink 
bars) and colloidal manganese(IV) with 2 M formaldehyde (purple bars) using FIA. 
The data presented in figure 6.14, demonstrates the broad selectivity commonly 
observed with colloidal manganese(IV), as almost all analytes tested elicited light 
with the enhanced versions of the reagent. Most analytes gave comparatively small 
responses with acidic potassium permanganate, with only morphine producing an 
intense emission. Similarly, only exceedingly weak signals (0.4 - 4.8 mV) were 
noted when using manganese(IV) without an enhancer present (data not shown). 
With the exception of hesperetin, ethanol provided greater levels of enhancement 
than formaldehyde for all analytes tested. 
A comparison of enhancement factors for formaldehyde and ethanol is shown in 
table 6.1. For the majority of compounds, the level of enhancement is similar 
between analytes, with ethanol generally between 1.2 - 1.6-fold more effective than 
formaldehyde. However, for the thiol containing compound GSH, signals obtained 
with ethanol were over 5-fold greater than with formaldehyde. The disulfide 
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containing compound GSSG and the thioether containing methionine also saw 
greater levels of enhancement - although to a lesser extent (~2-fold). This indicates 
that the increases in signal intensity achieved when using different enhancers is 
somewhat affected by analyte structure. Therefore, using ethanol slightly changes the 
selectivity of the reagent - in this case towards the detection of compounds 
containing a thiol or disulfide moiety. 
Table 6.1: Enhancement factors of formaldehyde and ethanol with manganese(IV). 
 Enhancement Factor  
Analyte Formaldehyde Ethanol 
Ratio Between Formaldehyde 
and Ethanol Signals 
Flavone N/A N/A N/A 
Hesperetin 2128 2055 0.96 
Rosmarinic acid 3260 3635 1.12 
o-Tyrosine 2148 3433 1.60 
m-Tyrosine 1907 3160 1.66 
p-Tyrosine 2710 4681 1.77 
Chloro-tyrosine 1714 2824 1.65 
Clozapine 3893 5385 1.38 
Fluphenazine 4686 5991 1.28 
Prochlorperazine 5100 6411 1.26 
Methionine 4376 8767 2.00 
GSH 575.8 3132 5.44 
GSSG 1341 2840 2.12 
Kynurenine 4902 6749 1.38 
Dopamine 2906 3847 1.32 
Tryptophan 2597 3410 1.31 
Heroin 49.10 94.78 1.93 
Noscapine 613.5 936.8 1.53 
Morphine 2253 2940 1.31 
Codeine 3156 4652 1.47 
 
As discussed in chapter 5, GSH and GSSG are an important biological redox 
couple [122, 123, 125, 206], and have previously been determined post-column using 
both acidic potassium permanganate and colloidal manganese(IV) - with the latter 
having the advantage of being able to detect both thiols and disulfides directly in a 
single chromatographic run [45, 139]. The marked enhancement of these compounds 
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observed using an ethanol enhancer may be particularly useful for their 
determination in biological samples. 
3.2.5  HPLC Separation and Analytical Figures of  Merit 
In order to illustrate the viability of using ethanol enhanced manganese(IV) for the 
determination of biological thiols and disulfides, the detection system was applied 
post-column to the HPLC separation of cysteine, cystine, homocysteine, 
homocystine, N-acetylcysteine, GSH and GSSG standards using the method 
previously described by McDermott et al. [45]. The procedure involves the use of a 
simple isocratic mobile phase consisting of 97% deionised water adjusted to pH 2.57 
with TFA and 3% methanol, which enables baseline resolution of each compound in 
under 20 mins. The enhancer was added by merging a flowing stream with the 
column eluent at a confluence point 10 cm from the flow-cell entrance. 
 
Figure 6.15: HPLC separation of a mixture of seven biologically important thiols and 
disulfides; cystine (CYSS), cysteine (CYS), homocysteine (HCYS), homocystine 
(HCYSS), glutathione (GSH), N-acetylcysteine (NACYS) and glutathione disulfide 
(GSSG) (1 × 10-5 M, 100 μl injection volume), using colloidal manganese(IV) 
(5 × 10-4 M)  detection with a 2 M formaldehyde enhancer (black trace) and a 100% 
ethanol enhancer (teal trace).  
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The ethanol enhancer provided increases in peak area between 27% and 127% 
compared to the formaldehyde enhanced method (table 6.2). The slight change in 
reagent selectivity can also be observed in the relative peak heights. For example, 
with a formaldehyde enhancer, the signals of the disulfide homocystine and the thiol 
GSH are very similar, whereas ethanol enhances the thiol compound more, resulting 
in a taller peak (figure 6.15). 
Table 6.2: Percentage increase in peak area (P.A.) using ethanol versus formaldehyde. 
Analyte CYSS CYS HCYS HCYSS GSH NACYS GSSG 
P.A. Increase 115% 127% 66% 27% 96% 77% 41% 
The above method was used to determine analytical figures of merit for the seven 
analytes with ethanol enhanced manganese(IV). Calibration curves were prepared 
using 13 standard solutions between 1 × 10-8 M and 1 × 10-5 M. As seen in table 6.3, 
each analyte displayed a highly linear relationship between concentration and peak 
area, with correlation coefficients close to a value of one. The limits of detection (3σ) 
were between 5 × 10-8 M and 1 × 10-7 M, and matched values previously published 
for these analytes with manganese(IV) and a formaldehyde enhancer. Although the 
absolute signal intensities were larger with ethanol than formaldehyde, the alcohol 
produces more background noise, resulting in similar limits of detection. 
Table 6.3: Analytical figures of merit. 
 Retention  
Analyte 
Time 
(min) 
%RSD* R2 Linear range
† 
(μM) 
%RSD* 
LOD 
(M) 
CYSS 2.73 0.11 0.996 0.15 – 10 2.99 5 × 10-8 
CYS 3.17 0.08 0.999 0.15 – 10 4.64 5 × 10
-8
 
HCYS 4.41 0.03 0.999 0.15 – 10 4.03 5 × 10
-8
 
HCYSS 5.72 0.20 0.998 0.15 – 10 3.24 5 × 10
-8
 
GSH 6.88 0.12 0.999 0.20 – 10 4.91 7 × 10
-8
 
NACYS 13.62 0.20 0.997 0.20 – 10 4.89 7 × 10
-8
 
GSSG 17.75 0.51 0.999 0.30 – 10 2.34 1 × 10
-7
 
*n=10,    †Using 13 standards, average of triplicate injections 
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4. Conclusions 
Whilst ethanol is able to moderately enhance reactions with acidic potassium 
permanganate, the enhancement factors are considerably less than those obtained 
with formaldehyde. In addition, reaction with permanganate containing sodium 
polyphosphates resulted in a precipitation reaction, detrimental to its use in flow 
chemistry. Although this can be overcome by utilising a highly acidic permanganate 
reagent without polyphosphate, this approach reduced the intensity of the signals 
further. Whilst this method may be useful for certain applications, it is not 
particularly practical given the many alternative ways of enhancing acidic potassium 
permanganate. 
When applied to the colloidal manganese(IV) reagent, ethanol afforded greater 
levels of enhancement than formaldehyde for the majority of analytes. Although a 
stream of 100% ethanol provided the greatest signal intensities, concentrations 
between 50-100% were comparable to the previous method of enhancement. The use 
of ethanol was particularly suited to the detection of compounds with a thiol or 
disulfide moiety, with detection limits similar to those previously determined using a 
formaldehyde enhancer. Consequently, ethanol offers a simple, safe and inexpensive 
alternative to the use of formaldehyde, without compromising signal intensity or 
detection sensitivity. Given that, to-date, manganese(IV) was unable to be used 
without incorporating a carcinogenic enhancer, the replacement of this compound 
with ethanol will enable wider application of this useful chemiluminescence 
detection system. Aspects of this chapter have recently been submitted for 
publication. 
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SUMMARY AND SUGGESTIONS FOR FUTURE 
WORK 
 
1. Summary 
2. Suggestions for Future Work 
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1. Summary 
The research presented in this thesis has endeavoured to expand the scientific 
knowledge regarding the fundamental chemistry and behaviour of manganese-based 
chemiluminescence reagents. This has included: a) A demonstration (via a 
comprehensive analyte screen) of changes in selectivity under different reaction 
conditions and the ability to control reagent behaviour, b) An investigation into the 
underlying molecular processes of reactions with the acidic potassium permanganate 
reagent by monitoring the formation and role of reaction intermediates, c) The 
development of a novel way to rapidly prepare a colloidal manganese(IV) reagent, d) 
Improving the sensitivity and selectivity of a method for the detection of biologically 
important thiols and disulfides, and e) The successful identification of a suitable and 
safe replacement for the highly toxic and carcinogenic formaldehyde enhancer in 
reactions with colloidal manganese(IV). These represent a series of important 
advances to the field, which have the potential to improve the efficiency of 
experimental design, as well as increase the applicability and safety of these 
detection systems. 
2. Suggestions for Future Work 
The work presented in this thesis raises several questions which would merit 
further investigation. The most significant of these relates to establishing a 
mechanism for the enhancement observed when incorporating low-molecular weight 
aldehydes and related compounds in reactions with manganese-based reagents. 
Although the results discussed in chapters 3 and 6 showed that enhancers such as 
formaldehyde, formic acid and simple alcohols undergo reaction with the reagent 
(potentially forming key intermediate species), the specific mechanism for this 
enhancement has yet to be elucidated. Observations in this thesis cannot explain the 
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different levels of signal increase obtained using several enhancers (such as 
formaldehyde, formic acid, ethanol, etc.), nor the change in analyte selectivity 
afforded by these different compounds. Also as yet unexplained is the ability of 
ethanol to significantly enhance reactions with colloidal manganese(IV), whilst only 
affording moderate increases in intensity with the acidic potassium permanganate 
reagent. Extensive spectroscopic interrogation (using techniques such as electron 
paramagnetic resonance spectroscopy) would be required to explore these issues. 
Understanding how the chemiluminescence emission is increased would assist in 
identifying other compounds that may also be able to enhance these reactions. 
Furthermore, a more comprehensive study into analyte structure/function 
relationships would be highly beneficial, to provide the ability to predict and more 
effectively control the behaviour of reagents with specific analyte classes. Chapter 2 
demonstrated the viability of tuning reagents towards the detection of distinct 
functional groups, but a more extensive investigation into why certain functionalities 
generate such intense emissions would be highly valuable and greatly improve the 
efficiency of experimental design with these reagents. 
Chapter 5 described a sensitive and selective method for the determination of thiol 
and disulfide compounds in biological samples. A direct comparison of this approach 
with other more commonly used detection methods (such as electrochemical 
detection) would be useful to validate the results. The method could also be 
expanded to the detection of thiols and disulfides in other sample types, as well as 
the investigation of oxidative stress in other disease states. Most importantly, the 
findings in this thesis regarding fundamental reagent behaviour, new reagent 
preparations and safer enhancement strategies, should be considered when 
commencing development and optimisation of methods using manganese-based 
chemiluminescence detection for real sample analysis. 
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